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1 SUMMARY AND CONCLUSIONS

This report provides technical evaluations to overcome the limitations of the B31G criterion ie.
{a} over-conservative estimation of corroded area for long and irregularly shaped corrosion, (b)
the projection of defect onto the longitudinal axis for spiral defects, (c) conservative flow stress
(=1.1 * SMYS), (d) Folias factor M need to be modified, (¢) arbitrary criterion for pits separation
and longitudinal grooves separation, (f) not applicable to corroded welds, (g) no consideration
for loads other than internal pressure, (h) not applicable to girth weld corrosion.

Modifications to the B31G criterion are suggested in order to reduce the scatter in the strength
predictions and extend its applicability for new corrosion problems. Mudified criteria are
proposed and their applications are discussed. The proposed modified criterion are summarised
below. Details of the proposed criteria are presented in Chapters 8.1 and 8.2.

According to B31G (ASME 1993), pits depth exceeding 80 % of the wall-thickness is not
permitted due to the possibility of a leak developing. From strength point of view, leak will not
develop until the pit depth is closer to the wall-thickness. The 80 % limitation is mainly due to
the fact that the accuracy of inspection tools is approximately 15-20 % of the wall-thickness.

If the ratio of maximum depth and wall-thickness, d/, is between 10 % and 80 %, the following
evaluation should be performed.

{1} For Lengitudinally Correded Pipes, the Safe Maximum Pressure Level P is

P'—J 26 powt 1-QAREA/ AREAs (1.1)
y D I-M'AREA/ AREA.

where

P’ = Safe maximum pressure level

Onew = Flow stress of the material

t = Wall-thickness of the pipe

D = Qutside diameter of the pipe

AREA = Exact area of the metal lost due to corrosion in the axial direction through-wall-
thickness.

AREA, = Original area prior to metal loss due to corrosion within the effective area which is
L*t

L =  Defect length of corrosion profile

M =  Folas factor

Q =  Spiral correction factor

Y = Factor of safety

The predicted bursting pressure level P, is yP".

The safe maximum pressure level must be less or equal to the Maximum Allowable Design
Pressure, which is;
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p_2:SMIS-t (1.2)
D
Where SMYS = Specified Minimum Yield Stress
F = Design factor which is normally 0.72

The calculation of AREA, spiral correction factor Q, flow stress Gy, and Folias factor M has
been improved:

(a) Exact Area AREA

-Complex Shaped Corrosion:
Two levels of AREA assessment are proposed:
(i)Level 1 :
For L*(Dt)<30: AREA=(2/3)L.d
where d is the maximum depth of corroded area
For L*/(Dt)>30: AREA=0.85Ld
(it) Level 2 : To calculate the exact area (AREA) of the corrosion profile using Simpson
integration Method, see Chapter 5.5.3.
-Closely Spaced Corrosion Pits:
A distance of t (Wall-thickness) is used as a criterion of pit separation for a colony of
longitudinally oriented pits separated by a longitudinai distance or parallel longitudinal pits
separated by a circumferential distance.

-Interaction of Longitudinal Grooves:
For defects inclined to pipe axis,

(a) Ifthe distance x, between two longitudinal grooves of lengths L, and L,. is greater than
either L) or Ly, then the length of corrosion L is L, or L, which ever is greater.

(b) If the distance x, between two longitudinal grooves of lengths L, and L., is less than L, and
less than L, then the length of corrosion L is the sum of x, L, and L., L=L,+L,+x.

For two longitudinal grooves separated by a circumferential distance x, the wall-thickness 1
could be used as grooves separation criterion.

b) Spiral € ‘o Factor:

For long spiral corrosion, the spiral correction factor Q is given by

in which W is defect width, and the coefficient Q, is a function of the spiral angle y
(w=90° for longitudinal corrosion. w=0" for circumferential corrosion)
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Q= 02 for 0%<y<20°

Qy = 0.02y-02  for 20°<y<60°

Q = 1.0 for y>60"
For W/»32, the value of Q must be taken as 1.0,
(g) Flow Stress og.,

The flow stress is ultimate tensile stress o, or SMTS (Specified Minimum Tensile Stress) if o, is
unknown.

{d)Folias factor M

The Folias factor is estimated as for L*(Dt) < 50

251(L/2) 0.054L/2) (1.4)
M= |1+ - 5
Dt (Dr )
and for L*A(Dt) > 50
L .5)

M=0032="+33
Dt

(2) For Circumferential Weld Cerrosion, the Safe Maximum Axial Teusile Stresso” Ax 08

o' =Saw Nm-BI-m)] (1.6)
Yy mr+2(1-m)sin
where
6'ax = safe maximum axial tensile stress
Gpow = the flow stress
d = defect depth
t =  wall-thickness
M = ]-di
c = half defect (circumferential) length
R = pipe radius
B = ¢/R (in radians)
Y = Factor of safety

(3) Practical Corrosion Problems excluded in the B31G criterion have been addressed.

Corrosion in submerged-arc seams (longitudinal welds) should be handled in the same manner as
corrosion in the body of the pipe.

Page 9

Reference to part of this report which may lead 1o misinterpretation is not permissible,
25 Oowber 1995, ohbd$2500o rep



DeT NORSKE VERITAS
INFHISTRY AS

Report No. 93-3637

SUMMARY AND CONCLUSIONS

Corrosion in (circumferential) girth welds should be assessed using the Kastner's local collapse
criterion (see Chapter 6).

A fracture mechanics approach is applied for assessing corroded welds, considering possible
cracks in the welds. The effect of material's fracture toughness (in duciile and low toughness
pipe) is reflected by the critical fracture toughness of the material used in the fracture assessment

criteria.

For corroded pipe under combined pressure, axial and bending loads, the flow stress in the
circumferential direction could be calculated considering the effects of the longitudinal stress,
using von Mises yield function. The longitudinal stress in the corroded region is used in the
calculation.

Discussions are made on possible applications to decision of operating pressure, re-qualification
and wall-thickness assessment.
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2 INTRODUCTION

2.1 Introduction

The purpose of this part project is to develop acceptance criteria (limit states) and a finite
element approach for assessing residual strength of corroded pipes. This will enable operators
and regulation bodies to undertake cost-effective decision on the operating pressure and whether
repair/replacement are required or not. To achieve the goal, finite element approach has been
developed and compared with the laboratory tests (Bai et al 1993b), existing laboratory test data
will be collected, modifications to the respective criteria will be suggested and a "Model Code'
for possible implementation to rules will be proposed.

Leakage of gas and oil from pipelines may lead to human and environmental hazards. In June
1989 a leakage from a gas pipeline between Siberia and Ufa caused explosion where two trains
passed the area. In this accident 462 people were killed and 706 were hospitalised (Morgan
1993).

Internal corrosion is a major cause of leakage from offshore pipelines, installed e.g. in the Gulf of
Mexico (Mandke 1990) and the North Sea (Jones et al 1992). Such corrosion damages may
cause structural failure (bursting) and loss of revenue due to reduced operating pressure or
stopped production.

On the other hand, repair of the damages could be costly because a repair requires shut down
periods and removal or replacement of a complete section of the pipe. For example, corrosion in
the Trans Alaskan pipeline cost $ 1.5 billion to repair (Keen 1990) and the Forties oil pipeline in
the UK North Sea had to be replaced at a cost of $265 million because of corrosion caused by the
presence of water in the oil (London 1991). There are therefore considerable economic
incentives to continue operation of corroded pipe, provided an acceptable safety level is
maintained.

If it is necessary to uprate an in-service pipeline, existing standards require hvdrostatic re-testing
as the basis for demonstrating that the pipeline contains no damages which could fail at the
uprated pressure. An alternative method is on-line inspection to obtain information on the
damages in the pipeline followed by burst strength assessment using criteria available from rules
and/or finite element analysis.

Re-qualification is necessary in case the design condition has been changed or the design
lifetime need to be extended when more oil/gas can be economically taken out from the
reservoirs than first assumed in the design phase. For re-qualification of existing pipeline after
damage, several levels of analyses of increasing detail and complexity could be applied to
document that the pipeline has sufficient strength:
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Level 1:  To use criteria for strength and loads available from rules or technical reports

Level 2:  To apply a non-linear numerical procedure and conduct laboratory tests which
accurately predicts strength and loads, or to conduet hydrostatic re-testing

Level 3: To carry out reliability-based assessment accounting for uncertainties in loads,
damage measurement and strength modelling

Level 4:  To make optimum decisions based on balanced risks and costs

The safety and reliability of pipelines and their cost-effective operation and maintenance will
therefore largely depend on the availability of tools/methods for evaluation of the significance of
corrosion defects under service conditions.

The ASME B31G (1993) criterion for corroded pipe was based on the knowledge more than 20
Yyears ago. This criterion is considered to be quite conservative and inaccurate, with a mean bias
of 2.0 and COV 0.56 when AGA (American Gas Association) test database is used for
uncertainty assessment (Wang 1991).

Aiming at improving the accuracy of the B31G criterion, recently several research projects have
been conducted in the USA (Kiefner and Vieth 1989, 1993}, the UK (Hopkins and Jones 1992)
and Canada (Mok et al 1991, Chouchaoui and Pick 1993). However, these results have not been
utilised in the development of pipeline codes. There is therefore a need to develop a code which
implements the latest technology development, Some additional investigations using
experimentally validated finite element method are also necessary to formulate the code. In
addition, safety factors need to be calibrated considering safety philosophy and model and
parameter uncertainties through reliability analysis. These are the subject of the present part
project.

The approach adopted is

(1) A large amount of full scale tests are evaluated and utilised.

(2. Guidance on, modifications to, and additional design equations for situations not
included in present rules are suggested.

(3. Published finite element analyses and analytical solution are utilised for deriving new
criteria.

In Chapter 3, the sources of conservatism in the original B31G criterion are discussed. This

includes:

» The parabolic representation of the metal loss (assumed within the B31G limitations)

» The approximation used for the Folias factor

» The expression for flow stress

» The inability to consider the strengthening effect of islands of full thickness or near full
thickness pipe at the ends of or between arrays of corrosion pits

The original B31G criterion can not be applied to spiral corrosion, pits/grooves interaction,

corrosion in welds and combined loads, The present project provides information on assessment

of spiral corrosion (Chapter 5.8), interaction of pits (Chapter 5.6) and longitudinal grooves

(Chapter 5.7), corrosion in longitudinal welds (Chapter 3.10) and circumferential welds (Chapter

6} and combined loads(Chapter 5.12 and 6.5).
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This part project is carried out within the JIP (Joint Industry Project) on Residual Strength of
Corroded and Dented Pipe. The results of the HP project will be available in the following five

{5} project reports:

Report No. 93-3531:
Report No. §3-3637:

Report No. 93-3638;
Report No. 95-3514;
Report No. 95-3594:

Finite Element Analysis Considering Ductile Fracture
Reliability-based Residual Strength Criteria for Corroded Pipes
(This report)

Fracture, Fatigue and Buckling of Dented Pipes with Cracks
Finite Element Analyses of Corroded Pipes

Summary Report

2.2 Project Participants and Their Representatives
The following organisations participated in the present project during Phase 1 period:

* @ & & & & @

Statoil (Den Norske stats oljeselskap)

Phillips (Phillips Petroleum Company Norway)

Brasoil (On behalf of Petrobras)

MMS (The US Mineral Management Service)

NPD (Norwegian Petroleum Directorate)

NFR (The Research Council of Norway) (NFR was formerly called NTNF)
DNV {Det Norske Veritas)

Their representatives to the project are:

a & ® % & » 9 8

Statoil: Richard Verley

Phillips:  Tor G. Tangeland

Petrobras: Teresinha Alves

Brasoil:  Francisco Massa (On behalf of Petrobras)
MMS: Charles Smith

NPD: Kjell Anfinsen

NFR: Knut Helge Osmundsvag

DNVC:  Niels-Jargen Rishaj Nielsen

The supports from the project participants and comments by their representatives are

acknowledged.

Page 13

Referonce to part of this report which may lead to misinterpretation is not permissible.

25 Dotober 1995 obb/5250blorop



DET NORSKE VERITAS
INDUSTRY AS

Report No, 93-3637

INTRODUCTION

2.3 Notations and Unit
Notations used in the report are sumnmarised below:

a = depth of a crack
A = Constant which is A=0.893L/Dn)"”
AREA = Corroded area
AREA, = L%
B = Constant which is B={(d/t/(1.1d4-0.15)>-1} "7
c = W/2 half defect (circumferential) length
COoV =  Coefficient of variance
D = Nominal outside diameter of the pipe
d =  Maximum depth of the corroded area
F = Design factor (usually taken as 0.72)
L = Axial extent of the defect
Laiow = Maximum allowable longitudinal length of corrosion defects
M = Folias factor
Mean (Bias) = Mean bias of the random variable X,
MAOP = Maximum Allowable Operating Pressure
P =  Maximum allowable design pressure, or design pressure
Py, = Burst pressure (safety factor is excluded)
P’ = Safe maximum pressure level (safety factor is included)
Q = Spiral correction factor
R = pipe Radius
SMYS = Specified Minimum Yield Stress
SMTS = Specified Minimum Tensile Stress
i t = Nominal wall-thickness of the pipe
Y = width of the corrosion profile
XM =  Real strength/predicted strength (Model uncertainty parameter)
Tax = axial stress applied at circumferential weld
Oflow = Flow stress of the material
S, = Predicted hoop stress level at failure
o, = {Jltimate tensile stress
oy = Yield stress
Y = Factor of safety
W = Spiral angle
B = ¢/R {radian)
7 = 1-di
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Both the SI units and the US units are used in the project reports. The conversion factors are:

From US units to SI units

length: 1 in {inch) = 2540 mm

Mass 1 1b (pound) =  04536kg

Force 1 Ibf {pound force) =  4.448N
1 kip = 4448 kN

Stress (Pressure) 1 psi (Ibf/in%) = 0.006895 MPa (N/mm’)
1 ksi (1000 psi) = §.895 MPa

From S1 units te U. S units

{ength: 1 mm = 0.03937in

Mass 1kg = 2205 Ib(pound)

Force IN = 0,2248 Ibf (pound force)
1N = (.2248 kip

Stress (Pressure) 1 MPa = 145.0 psi (lbf}’inz)
1 MPa = 0.1450 ksi

il

1 ksi
10 bar

1000 psi
1 MPa

H
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3 EXISTING RESIDUAL STRENGTH CRITERIA

3.5 General

The wall-thickness loss due to corrosion causes a local magnification of the stress levels within
the remaining wall and a reduction in the applied stress necessary to cause a local overload.

The evaluation methods apply to either internal or external corrosion. When applied to internal
corrosion, either the corrosion must be arrested with certainty, or the evaluation must be based on
the probable size of defect that will exist by the time of the next inspection. When applied to
external corrosion, it is assumed that the pipe will be re-coated and the defect will not further

enlarge.

3.2 ANSI/ASME B31G Criterion

In the late 1960s and early 1970s, a criterion was developed through research sponsored by
Texas Eastern Transmission Corporation and the Pipeline Research Committee of AGA
(American Gas Association) to evaluate the remaining strength of corroded pipe(see Maxey et al
1971, Kiefner and Duffy 1971, Kiefner 1974). This criterion has been embodied in both the
B31.4 and B31.8 pipeline design codes and is described in detail in a separate document:
"ANSI/ASME B31G - Manual for Determining the Remaining Strength of Corroded Pipelines”.
The procedure for anaiysis of corroded pipe strength is iliustrated in Figure 3-1 (after Fig. 1-2 of
ANSI/ASME 1993).

The B31G criterion can be used by a pipeline operator to assess corroded pipe for rehabilitation
purpose. If the calculated remaining strength exceeds the maximum allowable operating pressure
of the pipeline by a sufficient safety margin, the corroded segment can remain in service. If not,
it must be repaired or replaced.

The main equations and procedures in ANSVASME (1993) are summarised in (1)-(3) below.

(1) Maximum Allowable Length

In the B31G (ANSI/ASME 1993), a criterion for the acceptable corroded length is given as
below for a corroded area having a maximum depth 'd' of more than 10 % but less than 80 % of

the nominal wafl-thickness.

Laiow=1.12BD1 @
where
Latow = Maximum allowable axial extent of the defect
D = Nominal outside diameter of the pipe
t = Nominal wall-thickness of the pipe
Page 16
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and where a constant 'B' is calculated according to the following expression
a.2)

_ }f[ d/t Y

Wiid/i-015)

where
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Figure 3-1 Procedure for Analysis of Correded Pipe Strength as per ANSI/ASME(1993)
{(MAOP: Maximum Allowable Operating Pressure)
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(2) Maximum Allowable Design Pressure P for Uncorroded Pipe

The maximum allowable design pressure is

po 2SMYSE, {3.3)
D
where
P = Maximum allowable design pressure
SMYS = Specified Minimum Yield Stress
F = Dresign factor which is normally 0.72

{3) The Safe Maximum Pressure Level P°

A constant 'A’ is calculated from

_ L (3.4)
A=0. 893(75?)

The safe maximum pressure level P” for the corroded area is
(aYForAs4

;
; -ﬁ(fﬂ)
3\t

; _3(__9’____}
NeJar+1

except that P” may not exceed P.
(byForA>4

(3.5)

d) (3.6)

P mI.IP(I—«}w

except that P” may not exceed P, (If A exceeds 4, the corrosion is so long that there is no
effective reinforcement from adjacent uncorroded material. The safe pressure is then directly
proportional to the remaining wall thickness).

I P=P {or MAOP), the maximum safe pressure shall be taken as P {(or MAOP). The 1.1 factor
accounts for ductile failure at the flow stress of the material.

Because the parabolic representation becomes less and less an accurate representation of the
actual area of metal loss as the length increase, it is limited to A values less than or equal to 4.0.
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{4) Sources of Excess Conservatism
The sources of excess conservatism in the original B31G criterion are (Kiefner and Vieth 1989)

¢ The expression for flow stress

e The approximation used for the Foligs factor

e 'The parabolic representation of the metal loss (assumed within the B31G limitations)

e The inability to consider the strengthening effect of islands of full thickness or near full
thickness pipe at the ends of or between arrays of corrosion pits

These will be discussed in Chapter 5.

3.3 NG-18 Surface-flaw Equation

The NG-18 surface-flaw equation is the basis of the B31G criterion. It was developed in 1971
for a pipe with a longitudinal corrosion defect(Maxey et al 1971, Kiefner and Duffy 1971):

N 1- AREA/ AREA, 3.7
0 I M (AREA/ AREAL)
where
G = Predicted hoop stress level at failure

P
Ogow = Flow stress of the material

AREA = Area of through thickness profile of flaw
AREA, = L*t
M = Folias factor which is

(3.8)

2 e
b= [pa231LI2) 0054L/2)
Dt (Dt)

Since the definition of M is complex, Kiefner(1974) recommended that it be simplified to

M _ 1+ 08 L.? (3.9)
V Fais

The Folias factor M is shown as a function of the LDt in Figure 5-2. The relationship between
M given by Eq.(3.9) and A defined by Eq.(3.4) is

M= ]+ A2 (3.10)

For short comrosion defects in which the pit depth is uneven, the through thickness profile area
(AREA) can be approximated by a parabolic area as

AREA = %Ld G.11)
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In the original NG-18, the flow stress was 1.11 SMYS (Specified Minimum Yield Stress) and the
maximum allowable length L, was solved from a formula which equates predicted bursting
hoop stress o, to SMYS (Kiefher 1974):

1-2/3d/1 {3.12)

P
1-¢2/3 d/z)(mo.gé—]
Dr

SMYS = L1ISMYS

The obtained L, can be expressed as Eq.(3.1), with a minor difference in determining the
constant B (1.1 and 0.15 in Eq.(3.2) are replaced by 1.11 and 0.167 respectively).

Assuming the flow stress equals to 1.1 SMYS and relating pressure to stress equilibrium, the failure
pressure of pipe with a short corrosion pit leads to Eq.(3.5) for A4,

For longer defects (e.g. A>4), the parabolic approximation of the defect area tends to give too small
an area. A more conservative estimate of the defect area is

AREA=Ld (3.13)

For an infinitety long defect where M approaches infinity, the failure pressure is reduced to
Eq.(3.6).
It is noted that the NG-18 has been adopted by the Canadian standard CSA-Z184-M86 for Gas

Pipeline Systems (CAN/CSA 1986}, with a minor modification in determining the constant B
(The one used in B31G was adopted instead).

The use of L and AREA in the NG-18 Equation for an array of pits tends to result in a
conservative assessment of the remaining strength for several reasons:

First, corrosion pits are seldom lined up along an axial line as assumed in the use of the NG-18
equation. When they are not so lined up, the NG-18 Equation will tend to underestimate the
remaining strength.

Secondly, corrosion pits are blunt defects compared to cracks and many other kinds of flaws
found in pipelines. 1t has been demonstrated that blunt surface flaws have appreciably higher
failure stress levels than sharp surface flaw. Thus, the NG-18 equation which was developed on
the basis of burst tests involving relatively sharp flaws will tend to give conservative predictions
for the effects of blunt flaws.

Factors influencing the conservatism of the NG-18 equation which have been addressed in this
report are flow stress, and the Folias factor M.

3.4 Modified B31G Criterion - Effective Area

Vieth and Kiefner (1993) proposed two modified B31G criteria (Effective Area and 0.85dL
Area) within the AGA PR-218-9205 project "RSTRENG2 User's manual”. According to the
effective area approach, the safe maximum pressure is predicted as
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) . 3.14
pop| 1+10‘009) 1= AREAy | AREA: LS Unit @14
T SMYS) TS M AREAy 7 AREA:
( VI AREAy/
prep(1e 89\ 1 AREAy | AREA: < Ui

' SMYS) 1- M7 AREAg / AREAs

except that P* must be less than or equal to P and where

P’ = the safe maximum pressure for the corrosion area

P = the greater of either the pressure determined by the equation i Title 49, Part 192 of
the code of Federal Regulation as shown in the Note under paragraph. 4.3
(excluding joint factor) as applied to the pipe containing the corroded area, or the
established MAOP.

SMYS = Specified Minimum Yield Strength of the pipe material (psi, MPa)

AREA 4 = the effective area of the metal loss due to corrosion in the axial direction through-
the-wall thickness based on iterative calculation

AREA, = original area prior to metal lost due to corrosion within the effective area L gt

Leg = effective axial extent of the corrosion
t = specified wall thickness of the pipe
D = nominal outside diameter of the pipe
M = Folias factor as given below:
for L. /(Dt) < 50
2 VIR (3.15)
e (H 1.255 Liy 0.0135 Ly J
2 Dt 4 (Dif

which can be rewritten as
2 ) /27
= \/1 L2510y /2] 0.054(L,/2)

Dt (Dt j

and is identical to Eq.(3.8) when L = Ly
For L& /(Dt) > 50

2 3.16
M= 003257 433 ©-16)
Dt

The effective area of the corrosion is determined through an iterative calculation procedure that
results in a minimum predicted pressure. The iterative calculation procedure uses the
corresponding lengths and corrosion pit depths to calculate an effective area of missing metal and
an effective length. These effective areas and effective lengths are used to calculate a predicted
pressure. The minimum predicted pressure that is the result of this iterative calculation
procedure is presented as the safe maximum pressure for the corroded area.
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There are a number of limitations in using the modified B31G, effective area, as the B31G
criterion:

(1) Pit depths exceeding 80 percent of the wall thickness are not permitted due to the possibility
of a leak developing.

(23 General corrosion where all of the measured pit depths are less than 20 percent of the wall
thickness is permitted. This is slightly less conservative than the 12.5 percent allowed using
the B31G.

The predicted burst pressure using the Effective Area Approach is calculated as

} 3.1
Py= (ﬂ](swsuo,oow 1- AREAq [ AREA, US Unit 3-17)
D I- M (4REAyg / AREA:)
- /
Py~ (gi)(smwsa) I AREAy [ AREA) gy
D 1- M'(AREAy / AREA)
3.5 Modified B31G Criterion - 0.85 dL. Area
d (3.18)
1-085%
pen(re ) L s
i- Mf{o.ss 7)
6 1-085¢
pP=p (1 + sms) L y SI Unit
1- M'(aw T)

According to the 0.85dL Area approach, the safe maximum pressure is predicted as excepted that
P’ must be less than or equal to P and where

P’ = the safe maximum pressure for the corrosion area

P = the greater of either the pressure determined by the equation in Title 49, Part 192 of
the code of Federal Regulation as shown in the Note under paragraph. 4.3
(excluding joint factor) as applied to the pipe containing the corroded area, or the
established MAOP.

SMYS = Specified Minimum Yield Strength of the pipe material (psi / MPa)
d = Maximum depth of corroded area

Loa = effective axial extent of the corrosion

t = specified wall thickness of the pipe

D = pominal outside diameter of the pipe
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M = Folias factor as given below:
for Ly /(D) < 50
e 101255 L 0.0135 L V" (3.19)
U2 D 4 (Dt f)
for Ly /(Dt) > 50
: 3.20
M= 0.032%‘:’%.3 (3.20)

There are a number of limitations in using the modified B31G, 0.85 dL Area, as the B31G

criterion:

(1)  Pit depths exceeding 80 percent of the wall thickness are not permitted due to the
possibility of a leak developing.

{2) General corrosion where all of the measured pit depths are less than 20 percent of the wall
thickness is permitted. This is slightly less conservative than the 12.5 percent allowed

using the B31G.
The predicted burst pressure using the 0.85dL. Area Approach is calculated

321)

1

2 1-0852%

Ps= (B}(SM + 10,000 4 y US Unit
' 1- M"'(O.SJ" ?)

2 1-0859

Py = (5) (SMYS + 69 )MLZ?‘ SI Unit
I- a1 (0_85 ?)
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4 REVIEW OF LABORATORY TESTS OF CORRODED PIPELINES

4.1 AGA Database (Tests No. I - No. 86)

The pipeline Research Commitiee of the American Gas Association published a report on a study
to reduce the excessive conservatism of the B31G criterion (Kiefner and Vieth 1989). In
Appendix D to this report, 86 burst tests are listed as shown in Appendix A of the present report,
Test No. 1 - No. 86. The first 47 of these tests were used to develop the B31G criterion, and
were full scale tests conducted at Battelle. The rest of the 86 tests were also full scale and were
tests on pipe sections removed from service and containing real corrosion.

4.2 NOVA Tests (Tests No. 87 - No. 106)

The applicability of the B31( criterion to long longitudinal corresion defects and long spiral
corrosion defects was investigated experimentally by Mok et al (1990, 1991) of NOVA. Two
series of burst tests of large-diameter pipeline were undertaken by NOV A during 1986 and 1988,
see Table 5.5. The pipe was made of grade 414 (X60) steel with an outside diameter of 508 mm
and a wall-thickness of 6.35 mm. Longitudinal and spiral corrosion defects were simulated with
machined grooves on the outside of the pipe.

in the first series of burst tests, a total of 13 pipes (No. 1-No. 13 of Table 5.5) were burst. In all
tests, the simulated corrosion defects were 25.4 mm wide and 2.54 mm deep producing a width
to thickness ratio {W/t) of 4 and a depth to thickness ratio (d/t) of 0.4. Various lengths and
orientations of the grooves were studied. Angles of 20, 30, 45 and 90 degrees from the
circumferential direction, referred to as the spiral angle, were used. In some tests, two adjacent
grooves were used to indicate interaction effects. One specimen of plain pipe (no corrosion) was
also tested.

In the second series of burst tests, seven pipes were tested(No. 14 - No. 20 of Table 5.5). The
defect geometries tested were longitudinal defects, circumferential defects, and corrosion patches
of varying W/t and d/t. A corrosion patch refers to a region where the corrosion covers a
relatively large area of pipe and the longitudinal and circumferential dimensions are comparable.
In some of the pipes, two defects of different sizes were introduced but were kept far enough
apart to eliminate any interaction. Again, a plain pipe was tested to provide a reference for the
effect of the defect depth on the burst pressure.

In Appendix A, the tests are pumber No, 87 - No, 106,
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4.3 British Gas Tests (Tests No. 107 - No. 124)

Hopkins and Jones (1992) conducted five vessel burst tests and four pipe ring tests. The results
of the five vesse! iests are summarised in Table 5.3, In Appendix A, the tests are number No.

107 -No, 115,

Jones et al (1992) conducted nine (9) pressurised ring tests. Seven of the nine rings were
machined internally over 20% of the circumference, the reduced wall thickness simulating
smooth corrosion. All specimens were cut from a single pipe of Grade SLX60 with the Diameter
of 914 mm, and wall-thickness of 22 mm. In Appendix A, the tests are number No. 116 - No.
124.

4.4 Waterloo Tests (Tests No. 125 - No. 151)

13 burst tests of pipes containing Internal Corrosion Pits were reported by Chouchaoui and Pick
(1992) at University of Waterloo (Proceedings Int. Conf. on Pipeline Reliability, Calgaly, June
1992). In Appendix A, the tests are number No. 125 -No. 135. The paper is entitled "Residual
Burst Strength of Pipe With Internal Corrosion Pits".

8 burst tests of pipes containing Circumferentially Aligned Pits were reported by Chouchaoui
and Pick (1992) for publication in Int. J. of Pressure Vessel and Piping. In Appendix A, the tests
are number No, 136 -No. 143. The paper is entitled "Behaviour of Circumferentially Aligned
Corroded Pits",

8 burst tests of pipes containing Longitudinally Aligned Pits were reported by Chouchaoui and
Pick (1992) for publication in Int. J. of Pressure Vessel and Piping. In Appendix A, the tests are
number No. 144 -No. 151. The paper is entitled "Behaviour of Longitudinally Aligned Corroded

Pits".
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5 LONGITUDINAL CORROSION

5.1 Type of Corrosion Defects
Figure 5-1 shows type of corrosion defects as below:

(a) Groove

(b) Pits
(c) Pits containing cracking in their bottom

Corrosion may also occur near or in the weld.

(a) Groove (b) Pits (¢} Pits containing cracks in their bottom
Figure 5-1 Type of Corrosion Defects

Internal corrosion is a major problem in offshore pipeline (Mandke 1990, Jones et al 1992).
Many forms of internal corrosion oceur, e.g.

(a) girth weld and seam weld corrosion,

(b) massive general corrosion around the whole circumference and

(¢) long plateau corrosion at about 6 o'clock position.

(d) Pitting corrosion

External corrosion is normally thought of as being local, covering an irregular area of the pipe.
However, in the case where the protective coating has failed, the corrosion may tend to be a
pattern of long grooves. For example, failure of the protective coating may occur along the spiral
joint in the coating if the pipe has been wrapped. This will produce a long spiral corrosion
groove. If the coating has sagged, pulling away from the bottom of the pipe and trapping
moisture, along longitudinal corrosion groove may result,

The relation between corrosion modes, operational force and failure modes are summarised in
Table 5-1.
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Table 5-1 Relation between corrosion modes, operational force and failure modes

Corrosion Mode Operational Force Failure Mode
Uniform Corresion Internal/External Pressure | Longitudingl rupture or
Axial Tension or Bending | collapse or iransverse fracture
Longitudinal Grooving | Internal Pressure Longitudinal rupture
Seam Weld Corrosion | Internal Pressure Longitudinal rupture
Pitting Corrosion Leak
Girth Weld Corrosion | Internal/External Pressure | Transverse fracture
Axial Tension/Bending

Note that girth weld corrosion will be discussed in Chapter 6 and the rest will be considered in
this Chapter. Seam weld corrosion is evaluated in the same way as longitudinal grooving.

Pits with depths greater than 0.8 of the wall thickness are not permitted because of the chances
that very deep pits would develop leaks cven though the criterion predicts that they will not
cause ruptures, The factor of 0.8 is also due to the inspection accuracy limitation of pigs (10%-
20% of the wall-thickness).

5.2 Material Grades and Flow Stress

5.2.1 Flow Stress Formulae in Literature

Flow stress oy, 15 a concept suggested by Hahn et al (1969) to account for the strain-hardening
in terms of an equivalent elastic-perfectly-plastic material having a yield stress of oq,,,. The flow
stress also depends on if it is used for base material or welded region. In this report, flow stress
in the hoop direction is considered because bursting is a kind of hoop fracture. Several flow
stress formulae have been proposed in literature, and the most relevant ones are listed below.

In the B31G-1993 manual, the flow stress was defined as 1.1 SMYS. In Kiefner and Vieth
(1989), the flow stress was re-defined as SMYS plus 69 MPa {10 000 psi). Based on full-scale
tests of low strength pipes, Maxey et al (1971) and Kiefner et al (1973) demonstrated that the
flow stress could be estimated as:

G sow =SMYS + 10 ksi US units G.1)

G fow =SMYS + 69 MPa SI units

An accurate and complex definition is to directly relate the flow stress to both yield stress o, and
hardening parameter n of true stress-true strain curve follows a power law, see Andersen (1991}

Y (5.2)
{ (0.002n J=
T frow ™= *é*t‘.r My WJ

en
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A more accurate estimation is to account for possible biaxial stress state in addition to the yield
stress oy, ultimate tensile stress o, and hardening parameter n. Klever (1992) investigated the
effect of different stress-strain curves on the flow stress. The burst pressure is divided by the
vield stress o, and the ultimate tensile stress o, in Figs. 5 and 6 (of his paper) respectively. Itis
demonstrated that the ultimate tensile stress o, is much more relevant in burst pressure
predictions than the yield stress &,, since the curves (in ¥ igure 6 of his paper) are almost
independent of the type of material. A flow stress equation obtained by Klever (1992) in his
theoretical study is

2 5 La (5-3)
Cﬁowm(w) (\'1"& +{12)H O
3
where o is the longitudinal stress to hoop stress ratio and hardening parameter n is
s (5.4)
n=1/Infl+0.45a| —1]
Oy

Tests by Hopkins and Jones (1992) indicated that use of a flow stress oy of the ultimate tensile
stress o, gave good estimation of bursting strength(see Table 5.3).

Recently Stewart et al (1994) provides the flow stress calculation on a sound theoretical basis.
Figure 5 of the paper confirms that the flow stress is on average the ultimate tensile strength of
the material. According to Stewart et al {1994), the flow stress for an uncorroded pipe is

PR 1 " (5.5)
G o = k 5 o,

where k is a constant dependent on the yield criterion used in the derivation of the equation.
]¢(=2f’(3)”2 for von Mises yield criterion and k=1 for Tresca yield criterion. n' is the hardening
parameter which is defined by the Ludwik power law and calculated as

n =lInfl+g,) {5.6)

where g, is the engineering ultimate tensile strain.

The average flow stress given by von Mises yield criterion and Tresca vield criterion, is

(A R O™

Applying the average flow stress equation to n'=0.1 - 0.2, the obtained flow stress is 1.01 o, -
0.95 &,. This means the average flow stress is approximately o,. Waterloo test data shown in
Appendix A confirmed that the mean value of the flow stresses given by Eq.(5.7)1s 0.991 o,

(5.7
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The above flow stress definitions are for base material. For general welded components, a
commonly defined flow stress is the average of the yield stress and ultimate tensile stress, e.g.
the PD6493 (1991)

a,.to, {5.8)

2

Gﬂewm

5.2.2 Flow Stress based on API 5L Specification of SMTS

As indicated by many researchers, such as Hopkins and Jones (1992), Klever (1992) and Stewart
et al (1994), for base material, flow stress could be estimated as ultimate tensile stress of the
material. However, for ageing pipelines in operation, it is not easy to know the value of ultimate
tensile stress of the pipeline in question. An approximation of the ultimate tensile stress is
therefore the Specified Minimum Tensile Stress SMTS.

o Sow = Sm (5"9)

The Specified Minimum Tensile Stress (SMTS) is defined as a statistic minimum of the ultimate
tensile stress.

Table 52 Values of SMTS from the API 51, specification

Material ksi MPa Cale from eq. (5.10)
SMYS SMTS SMYS SMTS | SMTS ksi error
B - 60 - 4137 - -

X42 42 60 289.6 413.7 58.5 0.024
X46 46 63 3172 4344 62.7 0.006
X552 52 66 358.5 455.1 68.3 -0.035
X56 56 71 386.1 489.5 71.8 -0.011
X60 60 75 413.7 5171 750 0.000
X635 63 71 4482 5309 8.7 -6.621
X70 70 82 4827 565.4 81.9 0.001
X80 80 50 3516 620.6 872 0.031

From the above table, it is derived that SMTS can be approximated by an equation as below:

SMTS = 1.73 SMYS - 0008 SMYS®  (ksi) US units (5.10)

SMTS = 173 SMYS - 000116 SMYS®  (MPa) S1 units

This equation indicates there is a non-linear relationship between SMYS and SMTS/SMYS for
the data range listed in the Table 5-2 (for 42 ksi < SMYS < 80 ksi). The calculation of the
formula Eq. (3.10)is also included in the table above.
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5.2.3 Factors Affecting Flow Stress

It is necessary to indicate that the amount of flow stress is influenced by fabrication progess {e.g.
5ot rolled versus cold expanded) and material ageing. Possible size effect of the steel strength
(SMYS, SMTS) should also be accounted for in the assessment of the flow stress. The
installation process {(e.g. reeling) can also affect the material property, including flow stress.

Furthermore, the flow stress used in the burst strength criteria, is influenced by possible cracks in
the pit bottom (see Figure 5-1 (c)), due to e.g. corrosion fatigue. In this case, the value of the
flow stress could be determining using the fracture mechanics criteria (¢.g. FD 6493) considering

crack size.

Since the flow stress could be affected by many factors, in the proposed criterion, use of the
actual value of the flow stress is also allowed, provided the value has been obtained through a
reliable approach (e.g. testing).

5.3 Folias Factor M

There are three expressions of Folias factor:

(a) The three-term series (Eq.(3.8) (Maxey et al 1971))

The Folias factor M is a geometric factor which was developed from shell theory by
Folias (1964) to account for the stress-concentrating effect of a notch. This equation is a
truncated series expansion which approximates the exact M of Folias (an infinite-term
series). It has been found to give excellent agreement with the exact M for short
corrosion defects {Kiefner 1974). However, for very long corrosion defects(when L. /(Dt)
is large), the negative term of the three-term series in Eq.(3.8) starts to dominate and the
three-term approximation is no longer valid. Therefore 1t is necessary to modify Eq.(3.8)
such that it is valid for the whole range of the constant L /(Dt)

(b) The expression adopted in the B31G criterion (Eq.(3.9)) (Kiefner 1974)
(¢) The two formulae expression made in the RSTRENG project (Kiefner and Vieth 1989).

Kiefner and Vieth (1989) adopted Eq.(3.8) for sz(Dt)SSO and suggested to use the
following equation for sz(Dt)>5{}

M=0032E 133 G1D
Dt
which is obtained by means of a straight-line tangent to the curve of Eq.(3.8) at
L*/(Dt)=50.
The relationship between Folias factor M and L*/(Dt) due to the zbove three expressions have
heen compared in Table 5-3 and shown in Figure 3-2.
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Table 5-3  Folias factor M as a function of Lzl(})t) due to different expressions

Eq. L7 (Dt)

20.0 40.0 60.0 80.0 100.0 1200 1408 160.0 180.0 2000
{3.8) 3.453 4,550 5.148 5.441 5477 5.238 47764 3872 2.145 eITor
R 4123 5,745 7.006 8.062 9.000 9.84%9 10,63 1136 12,04 12.69
(53.11) 4,123 5.745 5.220 5.860 6.500 7.140 1.180 8420 9,060 9.700

It is found that Eq.(3.8) gives a peak value at approximately sz(Dt)ﬂIOO and the term inside the
square root is negative when L?‘/(Dt)=200. Since a combination of Eq.(3.8) and Eq.(5.11) seems
to be a befter approximation of the Folias factor, it is recommended in the proposed criterion.

The calculation of M could be further modified based on a sound theoretical formulation if
refined stress concentration analysis is available (Popelar 1993).

Follas factor M

Figure 5-2 Comparison of Folias Factor M given by Alternative Equations

5.4 Short Versus Long Defects

54.1 General

The NG-18 equation and B31G criterion were developed based on fracture tests of pipes with
relatively short longitudinal corrosion of up to about 25% pipe diameter (Kiefner 1974}, but they
have not been well validated for longer corrosion. Consequently, there is some concern about
applying such methods to long lengths of corrosion, which is increasingly being found in
pipelines.

The following three test programs were partly designed to investigate behaviour of long
corrosion:

» Hopkins and Jones (1992) (British Gas tests)

s Jones et al {1992) (Shell tests)

* Mok et al (1990) (INOVA tests)
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The conclusion from the British Gas, NOVA and Shell tests, is that the failure stress of fong
defects (>pipe diameter) can be estimated using the NG-18 equation and B31G criterion
(Hopkins and Jones 1992).

In Figure 5-3 the maximum allowable operating pressure as given in £¢.(3.5) and Eq.(3.6) is
plotied as a function of the corrosion length LAD/)"? for four different corrosion depth d/t=0.2,
0.4, 0.6, 0.8. In Figure 5-4 the corresponding values for the NG-18 equation is shown.

Maximum Allowable Operating Pressure
12
1
N e
N ]
0.8 & ~ !
. e d
-~ —— | S
e i [ 4 gg.og‘*-..___._;
A :
et =02 i
04+ o di=04 | i
------- di=05 | i
&2 L e
----- dit=08 :
o b
1] i 2 3 4 5 6 7 8 9 H1)
Lion®

Figure 5-3 P°/P as 2 Function of Corresion Length for Different Corrosion Depths

Accerding to B31G
NG-18
-
e dte0.4 |
~~~~~ =06
R L X
0
0 i 2 3 4 5 6 7 £ 9 10
u{m]h’l

Figure 5-4 Ratio between o, and oy, for the NG-18 equation for different corresion
depths. Both the Folias factors M from Kiefner (1974) and Vieth and Kiefner
(1989) are included. AREA/AREA, = d/t. The lower ones are based on
Kiefner (1974},
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5.4.2 Hopkins and Jones (1992) Tests

Hopkins and Jones (1992) conducted five vessel burst tests and twelve pipe ring tests. The
results of the five vessel tests are summarised in Table 5.3:

In this report, when comparison is made of testing pressure and predictions, safety factors are not
applied in the criferia.

Table 5-4 Summary of British Gas Tests (Hopkins and Jones 1992) and Predictions

Test Length | Depth APl API Burst NG-18 | B31G | Proposed’ ]
D234 {mm) (% of t) oy a, Stress using o, | Criterion | Criterion
(MPa) {MPa) {(MPa) {MPa) {MPa) {MPa)

i-1 3048 40 451 577 357 351 317 351

21 610 40 447 564 346 361 329 361

2-2 305 40 447 564 382 384 350 185

2-3 305 40 447 564 407 384 350 385

2-4 152 40 447 564 456 429 391 431

Note: (1) Diameter was 610 mm;
(2) Wall-thickness was 12.34 mm;
(3) Defect width was 0.15 mm;
(4) Material Grade X52. {SMYS = 358.5 MPa, SMTS = 455.1 MPa)
(5) In the proposed criterion, the flow stress is taken as ultimate tensile stress.

For a long defect, Folias factor M = infinite and AREA/AREA, = d/t, the NG-18 equation
(Eq.(3.7)) leads to:

5.12
Gpmcﬂaw(I'g) { )

and using &y, as 6, = 577 MPa, d/t = 0.4, the predicted o, is 346 MPa.
From the table it is seen that

(1)  The defects of length exceeding a pipe diameter failed at stresses similar to that of an
infinitely long defect.

(2)  The prediction based on NG-18, Eq.(3.7) agrees with the test results if the flow stress is
taken as ultimate tensile stress o, instead of 1.1 SMYS or 1.15 G,. This conclusion has
also been made by Mok et al (1991) and Jones et al (1992).

(3) The NG-18, Eq.(3.7) is more accurate than Eq.(5.12) (or Fq.(3.6)) since the Folias factor
has been included in Eq.(3.7). Therefore in the proposed criterion, Eq.(3.7) is adopted
instead of two equations (Eqgs.(3.5) and (3.6) in the B31G criterion. The safe maximum
pressure level P’ is given by

126t 1-AREA/ AREA, (5.13)

Pl‘
v D I-M'AREA/ AREA,
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where v = Factor of safety which will be calibrated using reliability methods

5.5 Irregularly Shaped Corrosion - Calcnlation of Area

£5.1 enersl

The major weakness of the existing B31G criterion is its over-conservative estimation of
corroded area for long and irregularly shaped corrosion, see Kiefner and Vieth (1990b). Tests of
Hopkins and Jones (1992) indicated that irregularly shaped corrosion could be conservatively
assessed using Eq.(3.7) when the accurate cross-sectional area of the corrosion defect was used.
Therefore the key to the problem of the irregularly shaped corrosion is to accurately calculate
AREA.

5.5.2 B31G: Parabolic Area (2/3 dL) and Rectangular Area (dL)

The exact area of metal loss is difficult to represent in terms of simple geometric shapes defined
by maximum length and depth. Two shapes which were considered in the development of the
original B31G criterion were the rectangle (AREA = Ld) and the parabola (AREA =2/31.d). On
the basis of the 47 burst tests of corroded pipe (Kiefner 1974), it was shown that the parabolic
method was preferable.

In reality, the parabolic method has significant limitations. Obviously, if the corroded area were
very long, the effect of the metal loss would be underestimated and the remaining strength would
be over estimated. The fact that the B31G underestimated the strengths in all 47 cases is
probably the result of circumstances such as the pits not being lined up axially and the deepest
areas being separated by islands of greater remaining wall thickness. To prevent misuse of the
criterion in cases where long, deep corroded areas might actually have lower strengths than the
criterion would predict, the parabolic method was limited to defects where A values are less than
or equal to 4.0. For cases where A becomes larger than 4.0, the rectangular area (dL) is applied.

5.5.3 Modified B31G: 0.85dL

The 0.85 dL. method was proposed by Kiefner and Vieth (1989) to replace the parabolic method
(2/3 dL). In both the 0.85dL method and the parabolic method, the total length Ly, is used to
calculate Folias factor.

The choice of 0.85dL for AREA is arbitrary as was the choice of 2/3 dL in the original criterion.
Without the other changes (i.e. flow stress and to the Folias factor) this new area representation
would be more conservative than the parabolic representation. However, the 0.85 dL values
becomes a reasonable choice because it can be used safely to analyse much longer flaws than the
parabolic representation {A<4, Kiefner and Vieth 1989).
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5.5.4 Exact Area
More realistic representations of the metal loss are available if more detailed measurements of
the pit depth profile are made.

Kiefner and Vieth (1989) proposed that the exact area of irregularly shaped corrosion defect can
be calculated using

AREA= (y, +y x/2+(y, vy )x /24 . F(y, ;¥ ¥, )X/ 2= Lipmda (5.14)

in which n equal sub-intervals have been laid off on the x-axis (in longitudinal direction) by
an equal distance X (= Loyg/m)

Yoo Y1s Y2 s ¥nels ¥
are the respective ordinates (the reduction of the pipe wall-thickness) of these points.

In the proposed criterion, a refined procedure is to calculate AREA of irregularly shaped
corrosion defect based on Simpson's rule. The Simpson's rule reads

b-a {5.15)
AREA ="5;[ya+4y1"§“ 2y, v 4y, t 2yt F 4y, vy, ]

in which 2n equal sub-intervals have been laid off on the x-axis (in longitudinal direction) by
&, Xy, Xz, iy in'b b
and

Yo Y015 ¥2: o Yau1s Yo
are the respective ordinates (the reduction of the pipe wall-thickness) of these points.

The Simpson's rule assumes that small arcs of the curve are very nearly coincident with the arc of
the parabola through the midpoint and terminal points of the arc. If the curve is not higher order
than 3, this formula with n=1, gives the exact area and is called the prismoidal formula. Eq.(3.11)
for assessing AREA of short corrosion defect can be obtained from the Simpson's rule by assuming
n=1 in Eq.{5.15). Itis noted the Simpson's rule has been widely used in engineering calculation,
e.g. ship stability calculation.

Thus the exact area is being represented by a rectangular area which is the product of the total
length times the average depth. With the parameters Ly, and d,,, thus defined, one can calculate
Folias factor M based upon Ly, and NG-18 equation to calculate failure stress. Note that
AREA/AREA, in the NG-18 equation becomes d,, /1.

5.5.5 Equivalent Area

A second method (more accurate than the parabolic method) of analysing the remaining strength on
the basis of the corrosion profile is called the equivalent length method. In this method, the
metal-loss area, AREA, is defined as
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AREA = ngd = L Foral daig (5-16)

where 4 is the maximum depth, In this method, the area is identical to that of the total length
method but L, is used as the length instead of Ly

Leq = LTMG}' (davg / d ) (5‘27}

In this case, the area of the defect is being represented by a rectangle Lod. L., is used to
calculate Folias factor M and the NG-18 equation can be used to calculate failure stress. Note
that AREA/AREA, in the NG-18 equation becomes d/t.

5.5.6 Effective Area

A third more accurate method involves calculations based on various subsections of the total area

of metal loss and is called "Effective area method” (Kiefner and Vieth 1989). The regions include
all possible subsets of the total area, based on the profile measurement increment. The minimum

predicted failure pressure calculated by this approach is usually more accurate than that calculated
by B31G, hence the level of conservatism in the defect acceptance criterion is reduced.

The application of the methodology is as follows:

(a) Obtain a composite of the corrosion depth profile along longitudinal meridians that pass
through the deepest and the longest areas of corrosion. Several profiles are required to
compile a "worst-case” composite profile.

{b) The lengthwise measurement increment should be based on the particular profile being
considered. Where it is irregular, the increment should be on the order of 0.1 inch (2.5 mm).
In areas without abrupt transitions, larger increments such as 2t are acceptable.

(¢} Evaluate each profile. The lowest calculated safe pressure governs.

The Effective Area Method is embodied in the RSTRENG2 program(Kiefner and Vieth
1993).

Since iterative calculation is necessary {this means a computer program is needed), the effective
method is not recommended by the present project.

5.6 Closely Spaced Corrosion Pits

Corrosion in pipelines often results in colonies of pits over an area of the pipes. Unfortunately,
B31G, based on the length and maximum depth of a corroded area, ignores beneficial effects of
circumferential spacing of pits and triaxial stress distnibutions. No provision exists in the
original B31G criterion for considering the effects of interaction between closely spaced
corrosion pits. As a result, such areas must either be conservatively treated as being continuous
or possibly be non-conservatively considered as separate defects based on an arbitrary criterion
of separation. It is therefore necessary to develop a rational criterion of separation.

Page 36

Reference to part of this report which may lead to misinterpretation is not permissible,
25 Ogtober 1995, ohb/525%blo.rep



DET NORSKE VERITAS
INDUSTRY AB

Report No. 93-3637

LONGITUDINAL CORROSION

Kiefner (1974), Kiefner and Vieth (1990b), Hopkins and Jones (1992) and Chouchaoui and Pick
(1993) conducted experimental and numerical research on the burst strength of pipe with
multiple corrosion pits. Their main conclusions are:

h

2)

3

Pits separated by 4 small distance interacts Figure 5-5 (2)). The distance could be
conservatively taken as t based on experimental and numerical data in Hopkins and Jones
(1992), and Chouchaoui and Pick (1993). The burst pressure of circumferentially spaced
pits separated by a distance longer than t, can be accurately predicted by considering the
deepest pit within the colonies of pits In such cases, pits lying along spirals behave
independently as circamferential spacing eliminates any interaction.

The most critical situation is when pits are oriented Jongitudinally (Chouchaoui and Pick
1992¢). The pits lie on the same axial plane but are separated by a distance(See Figure 5-5
(b)). Such pit configurations may alter the hoop stress distribution and promotes bulging,
leading to earlier leakage of the pit. According to Table 2 of Chouchaoui and Pick (1993),
corrosion pits separated by a critical distance less than about t interact and the failure stress
of interacting corrosion can be predicted by neglecting the beneficial effects of the non-
corroded area in between. This conclusion is in agreement with Kiefner and Vieth (1990b)
who indicated that significant interaction occurred only when the spacing is 1 in. or less,
based on Kiefner's earlier tests. Similar conclusion has also been made by Hopkins and
Jones (1992) who indicated that pits separated by a distance of t did not interact, and their
failure stress could be conservatively predicted using £q.(3.7).

In many cases, parallel longitudinal pits are separated by a circumferential distance but
their individual profiles overlap when projected to a single plane through the wall-
thickness(see Figure 5-5 {c)). Experiments have suggested that pits can be treated as
interacting pits if the circumferential spacing is less than a critical distance. Thus, the
projected method as incorporated in the B31G criterion appears adequate for such corrosion
configurations. However, pits can be considered separately if the spacing is equal to or
greater than the critical distance. According to the tests by Hopkins and Jones (1992) and
Chouchaoui and Pick (1993) the critical distance could be conservatively taken as t.
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Therefore in the proposed criterion, the criterion of separation is to-use a critical distance of t, for
parallel longitudinal pits and a colony of Eongitudingll pits.
A i

AL
@ DRECTION
st OF PPE
L‘“’“ﬁ‘:}:ﬁ;
(a) Closely Spaced Pits
L L L,
% \,..\?Lm_a*’ "'-——-'-_-w——j. ) P b
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(b) Longitudinally Oriented Pits L

i AN 1,
- ‘

(c) Parallel Longitudinal Pits

Figure 5-5 Closely Spaced Corrosion Pits

5.7 Interaction of Longitudinal Grooves

The length of a pit is within a couple of times pipe wall-thickness. The corrosion defects having
longer longitudinal length is called grooves.

According to British Gas Standard BGC/PS/P11,

(1) The effective depth of a longitudinal groove shall be determined as shown in Figure 5-6.

(2) The effective length of longitudinal grooves inclined to the pipe axis shall be determined as
shown for a single groove in Figure 5-7 (). For multiple grooves a similar procedure to
that shown in Figure 5-7 (a) shall be applied to the effective length determined as
described in (3}

(3) Longitudinal Grooves in close proximity in the longitudinal or circumferential direction
may interact. The effective lengths of such grooves shall be determined using the
procedures given in Figure 5-7 (b} and (c).
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(4)  To avoid errors in the determination of effective length or effective depth the procedure
specified in (3) shall be used in the order specified in Table 5-5.

Table 5-5  Order of Procedure for the Evaluation of Effective Length and Effective Depth
of Longitudinal Grooves

Groove Type First Step Second Step Third Step
Single groove parallel to pipe axis Figure 5-6 - -

Single groove inclined to pipe axis Figure 5-6 Figure 5-7 (a) -

Multiple grooves parallel to pipe axis | Figure 5-6 Figure 5-7 {(b),{c} -

Multiple grooves inclined to pipe axis | Figure 5-6 Figure 5-7 (b),(¢) Figure 5-7 (a)

Notes: 1 tis the wall thickness of the pipe. | is the defect length parallel to the axis of the defect

2 A profile gauge or other means shall be used to measure depths along the defect, and hence the sectional area along
the axis of the defect shall be caleulated. Sufficient depth measurements atong the defect length shall be made to
ensure an accuracy of ¥ 10% of the actual area of metal loss.

3 Divide the calculated sectional area (sce 2 ebove) by the defect length {1) to determine the effective depth 4. Hence
the area given by | x d is equal to the actual area of metal Joss measured.

Figure 5-6 Effective depth of a Longitudinal Groove (After Fig.14 of British Gas Standard
BGC/PS/P1D
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a} Defects inclined to pipe axis

b} In-ine detects Lah o+ X b

¢} Circumierential spaced defects

L
/
i = Defact length projected onto pipe axis

= aftective iength

it x is greater than or equal 10 i, or greater
than or equal to |2
L =1+ or iz, whichever is greater.

f x is jess than |y and less than i

If ¢ is greater than or equai to t:
L =iy or iz, whichever is greater.

if ¢ is less than U
L = overall length of 1 and 2 as shown.

Figure 5-7 Effective Length and Interaction of Longitudinal Grooves (After Fig.15 of

British Gas Standard BGC/PS/P11)
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5.8 Spiral Corrosion

58,1 @General

For defects in other orientations, the ANSVASME(1993) standard recommends the projection of
the defect onto the longitudinal axis of the pipe and treatment as a longitudinal defect. This
technique appears adequate for shorter defects, but is conservative for long longitudinal defects
and more conservative for long spiral defects. With a longitudinal defect, the full hoop stress is
acting over the length of the defect; whereas with a spiral defect, the hoop stress is only acting
over the longitudinal width of the defect.

5.8.2 Mok's Tests

The applicability of the B31G criterion to long longitudinal corrosion defects and long spiral
corrosion defects was investigated experimentally by Mok et al (1990, 1991) of NOVA. Two
series of burst tests of large-diameter pipeline were undertaken by NOVA during 1986 and 1988,
see Table 5-6. The pipe was made of grade 414 (X60) steel with an outside diameter of 508 mm
and a wall-thickness of 6.35 mm. Longitudinal and spiral corrosion defects were simulated with
machined grooves on the outside of the pipe.

In the first series of burst tests, a total of 13 pipes (No. 1 - No. 13 of Table 5-6) were burst. In all
tests, the simulated corrosion defects were 25.4 mm wide and 2.54 mm deep producing a width to
thickness ratio (W/) of 4 and a depth to thickness ratio (d/t) of 0.4. Various lengths and
orientations of the grooves were studied. Angles of 20, 30, 45 and 90 degrees from the
circumferential direction, referred to as the spiral angle, were used. In some tests, two adjacent
grooves were used to indicate interaction effects. One specimen of plain pipe (no corrosion) was
also tested.

In the second series of burst tests, seven pipes were tested(No. 14 - No. 20 of Table 5-6). The
defect geometries tested were longitudinal defects, circumferential defects, and corrosion patches
of varying W/ and d/t. A corrosion patch refers to a region where the corrosion covers a
relatively large area of pipe and the longitudinal and circumferential dimensions are comparable.
In some of the pipes, two defects of different sizes were introduced but were kept far enough
apart to eliminate any interaction. Again, a plain pipe was tested to provide a reference for the
effect of the defect depth on the burst pressure.

As shown in Table 5-6, the B31G prediction of burst pressure is in most cases canservative,
especially in the first series of tests in which the defects were long. The ratio of the
experimentally measured burst pressure to the B31G predictions are all (except for No. 18) more
than 1; in some cases, a ratio of 2 was observed, which means that B31G under-predicts the
actual burst pressure by up to 50%.

For plain pipe without corrosion defects, B31G predicts a burst pressure of 11.38 MPa. The
conservative prediction can be contributed to the definition of burst as being when hoop stress
reaches a flow stress of 1.1 SMYS. Since this neglects the true stress distribution resulting from
bulging and local thinning {or necking) of the material, it can be significantly in error.
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For spiral defects with spiral angles other than 0 or 90 degrees, B31G under-predicts the burst
pressure by as much as 50 %. The predictions are most conservative for small spiral angles. As
indicated earlier, B31G projects a defect with spiral orientation onto the longitudinal axis and
treats it as 3 longitudinal defect. This treatment is adeguate for short defects. However, for long
defects, it is conservative, This is observed in the burst tests in which the burst pressure of the
spiral defects is higher than longitudinal defects (e.g. Test No. 2, 3, and 5). It appears that the
stress component perpendicular to the spiral defect is the component that causes failure.
Therefore, treating all defects as longitudinal defects would overestimate the stress level,
especially for small spiral angles.

Table 5-6 Summary of NOVA Burst Tests and Predictions

Test Spiral | Length Depth | Width | Burst B31G Proposed
No. Angle (W) Pressure | Criterion | Criterion
ha mm ® | @ MPa MPa MPa ®
1 20 1114 0.4 4.0 14.54 6.82 11.64
2 30 762 0.4 4.0 13.84 6.82 10.83
3 45 539 0.4 4.0 1234 6.82 9.56
4 20 558 0.4 4.0 15.84 6.82 11.91
5 90 381 0.4 4.0 11.24 6.82 8.30
6 90 1016 0.4 40 11.54 6.82 7.95
7 90 2-1527 0.4 4.0 13.04 9.30 9.17
8 96 2-152" 0.4 4.0 13.04 $.30 9.17
9 90 2-1527 0.4 4.0 13.04 930 9.17
10 20 2*950" 0.4 4.9 15.24 6.82 11.69
11 90 2*381% 0.4 40 11.04 6.82 8.30
12 90 2%381% 0.4 4.0 10.54 6.82 .30
13 Plain Plain Plain Plain 15.44 11.37 12.92
14 Plain 900 Plain Plain 1525 11.37 12.92
15 90 900 0.54 490 8.00 523 6.18
16 90 900 0.34 4.0 11.80 7.50 8.74
90 152 0.52 4.0 . .
17 0 - 0.47 16.1 12.50 1131 12.79
0 - 0.20 32.0 - -
18 0 . 0.46 32.0 9.80 1131 12.79
0 - 0.51 16.1 - -
19 Patch 3 0.53 32.0 8.45 822 721
Patch 16.1t 0.50 16.1 - -
20 90 1000 0.50 4.0 3.40 5.6% 6.67
Note: (1) Pipe Geometry: OQutside Diameter = 508 mm; Wall-thickness t=6.35 mm

{(2) Pipe Material: X60 Steel
{3) 2-152 indicates two aligned longitudinal defects each with length of 152 mm.
(4) 2*381 indicates two paraliel defects each with length of 381 mom.
(3) In the proposed criterion, Oy, is taken as ultimate tensile stress

{6) Nominal length along the spiral corrosion. To get the longitudinal length use sin(angle)*L
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5.8.3 Effect of Spiral Angle - Mok's Approach

A finite element approach was applied by Mok et al (1991) to study the effects of the spiral angle
and defect width {the extent of corrosion in the circumferential direction)

Figure 5-8 shows the effect of spiral angle (after Fig. 7 of Mok et al 1991, for a case with
material grade X60, OD = 508 mm, t=6.35 mm, d/t=0.4, W/t=4).1t is shown that the burst
pressure decreases as the spiral angle increase from 0° (circumferential defect) to 90°
(longitudinal defect). This is because the longitudinal dimension of a spiral defect perpendicular
to the maximum hoop stress increases as the spiral angle increases.

However, the significance of the spiral angle effect depends on the defect depth. Figure 5-9
shows the effect of spiral angle for two defect depths, d/t=0.2 and 0.4 (after Figure 9 of Mok et al
1991), for the case material grade X60, OD = 508 mm, t=6.35 mm, W/t=4).The results for each
depth show a similar trend with respect to the spiral angle. The deeper defects fail at lower burst
pressures. It is observed that the effect of defect depth is less profound for defects with small
spiral angles. In fact, defect depth has almost no effect on circumferential defects.

Mok et al (1991) recommended that the bursting pressure level for spiral long corrosion is

2 ag ﬂowt d (5.18)
= 200w 1 0
Py D (-g p )
where Q is the spiral correction factor, which is estimated by
1-O, W (5.19)
= el
Q=—>7+0

in which the coefficient Q, is a function of the spiral angle y (y=90" for longitudinal corrosion,
\p=0{) for circumferential corrosion}:

Q= 02 for 0%<y<20"
Q= 0.02y-02  for20%<y<60
Q= 10 for y>60°

It is noted that the value of Q must lie between 0 and 1.0. For W/t>32, the value of Q must be
taken as 1.0. Combining Mok's equation with the NG-18 equation, the safe maximum pressure
level for long spiral corrosion is proposed by the present project as

126 gt 1-Q AREA/ ARE4s (5.20)

Pr
y D 1-M'AREA/ AREA

The prediction due to this equation is compared with NOVA's tests in Table 5.5.
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Figure 5-9 The Effect of Spiral Angle
The Significance of the Spiral Angle for Different Defect Depth
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5.8.4 Effect of Spiral Angle - Fu and Jones Approach

Fu and Jones (1994) presented a method for predicting the failure pressure of spiral corrosion in
pipeline. Fu and Jones (1994) proposed that the failure pressure could be calculated using

d {3.21)
2 ¢ A
Oﬂgw ¢
Pé fe d
Do gy -

in which Spiral Angle Correction Factor A is obtained from the solid lines in Figure 5-10. In the
figure, o is the spiral angle and A is 0.5(12(1-v*))"* L/(Rt)'™.
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Figure 5-10 Spiral Angle Correction Factor A (After Fig.4 of Fu and Jones (1994))
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5.9 Effect of Corrosion Width

The B31G criterion does not include any correction for the width of a defect.

Figure 3-11 shows the gffect of defect width on burst pressure of pipe with g circumferential
defect {after Fig. 10 of Mok et al 1991}, for the case material grade X60, O = 508 mm, t=6.35
mm. The burst pressure decreases linearly as the width of the defect increases. For large defect
widths (W/t>32, where W is the dimension across the defect width), the pipe with the defect
behaves as a plain pipe with wall-thickness equal to the thickness of the defect ligament. For
very small defect widths (e.g. a circumferential crack), which were not considered in Figure 3-11,
a decrease in burst pressure would be expected because the defect would exhibit crack like

behaviour.,

Figure 5-12 shows the effect of defect width on burst pressure of pipe with a longitudinal defect
(after Fig.11 of Mok et al 1991), for the case material grade X52, OD = 508 mm, t=6.35 mm,
d/t=0.4. Again, crack like defects (e.g. longitudinal cracks) were not considered in Figure 5-12.

An interesting contribution of Stewart et al (1994) work is that it gives an analytical formula to
account for the effect of the circumferential extent of the longitudinal corrosion. The increase
due to partial corrosion in the circumnferential direction compared with fully corroded pipe is
given by the circumferential width correction factor f as
n” (5.22)
2
f=
1+ L
D

in which W is the circumferential width (W=0 for no circumferential extent, W=nD for full
circumferential length) and n" is the hardening parameter which is defined by the Ludwik power
law and calculated as

' =In(l+eg,) (5.23)

where g, is the engineering ultimate tensile strain.

In Figure 5-13, the width correction factor { in Eq.(5.22) is plotted. The curve based on n"=0.1 is
plotted as dotted line. This comparison between Figure 5-12 and Figure 5-13 shows that the
analytical predictions agree with the finite element resulits.

Assuming n"=0.1 and n'=0.2, the values of the width correction factor f are 1.04 and 1.09 for
W/AnIN=0.3 and 1.02 and 1.05 for W/{rnD¥=0.6.
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Figure 5-11 The Effect of Defect Width for a Pipe with a Circumferential Defect
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Figure 5-13 The Effect of Defect Width for a Pipe with a Longitudinal Defect (Stewart)
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5.10 Corroded Welds, Ductile and Low Toughness Pipe

5.10.1 Corroded Welds

1t is clearly indicated that the B31G criterion does not cover the corrosion near or in the welds.
There is 2 need to assess the effect of localised corrosion of weld on the fracture resistance of
pipeline. Figure 5-14 shows typical patterns of weld corrosion. The fracture mechanics criteria
(e.g. PD6493) provide a mathematical relationship between critical combination of external
loads(e.g. internal pressure), weld defects and fracture toughness (PD6493 1991).1n addition to
fracture, fatigue crack growth due to cyclic pressure may also be evaluated using the PD6493
criteria.

In seam welded pipes, the hoop stresses will have the greatest effect on a corroded seam weld.
Various types of seam welds exist, including double submerged arc welds (DSAW), lap welds
(L'W), furnace butt welds (FBW), flash welds (FW), electric resistance welds (ERW), and
induction welds (IW).

The hoop stress arising from internal pressure loading would act parallel to a corroded girth weld
and hence would have little effect unless the corrosion was very severe. However, longitudinal
stress due to axial and bending loads will act normal to the girth weld, and hence the stress
concentration arising from the corrosion groove may be significant. This will be discussed in
Chapter 6.

5.10.2 Corrosion in Longitudinal Seams

The existing B31G criterion does not apply to corrosion in any type of seam weld. This situation
can be changed as follows: Corrosion in submerged-arc welds should be treated exactly as
corrosion in the body of the pipe. Corrosion in ERW or flash-welded seams should not be
evaluated on the basis of either the existing B31G criterion or the proposed modified criterion
{Kiefner and Vieth 1989).

The justification for treating corrosion in a submerged-arc-seam in the same manner as corrosion
in the body of the pipe is that both operating experience and test data show that such seams tend
to be at least as resistant to defects as the pipe material itself. Evidence of this was gathered over
20 years ago as shown in Table 5-7 (Kiefner 1969).1t involves pairs of tests in which identical
through-wall flaws were fabricated into two samples of the same length of pipe. In one sample,
the defect was located in the heat-effected zone of the submerged-arc seam or in the fusion line
on the ERW seam or flash-welded seam, while in the other sample the defect was located in the
body of the pipe. The burst pressures of the flawed specimens were compared as shown in
Table 5-7. In every instance the failure stress levels of defects in the submerged-arc welded
seams were higher than those of the defects in the body of the pipe. In contrast, defects located
in ERW and f{lash-welded pipe exhibited failures at stress levels below those of the defects in the
body of the pipe.

Besides the evidence from these tests, experience has shown that hydrostatic test ruptures and
service failures which originate in or near submerged-arc welds seldom propagate preferentially
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in the weld or heat-affected zone. More commonly, such fractures tend to move further from the
weld as they propagate. In contrast, experience in relation to hydrostatic test failures and service
failures originating in or near ERW or flash-welded seams reveals many cases in which the
fracture propagated end-to-end in the weld often at obviously higher speeds judging by the lack
of fracture arrest. While this experience may not be typical of currently fabricated ERW pipe, it
is a major consideration for the vast majority of ERW pipe that has been in service for some time
and will be likely to be involved in inspection or revalidation projects.

One other factor which serves to discourage the consideration of corrosion in ERW or flagh-
welded seams by these methods is the fact that such corrosion is generally "selective” in nature,
progressing more deeply and narrowly at the fusion line of the seam that into the surrounding
pipe. Thus, a situation is created in which a relatively sharp defect exists in a material with less
than optimum toughness. In addition, its crevice-like nature makes it difficult to obtain the
critical depth dimensions for the analysis. Given these situations, it is not prudent to use the
flow-stress dependent analysis methods of both the existing B31G and the proposed modified
criteria to evaluate corrosion in ERW or flash-welded seam.

; ; ; E ;: ; {c} W—}
{a) (b

{2} Reot Groove {b) Corrosion of Root HAZ (c) Corrosion at Toe of Cap

Figure 5-14 Typical Patterns of Weld Corrosion (Andrews (1992a)).
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Table 5-7 Comparisons of the Failure Pressures of Through-wall Flaws in Lengitudinal
Welds with Identical Defects in the Pipe Material (After Table 3 of Kiefner and

Vieth 1989)
Material Type of Flaw Fallyre Ratie of Failure
Longitudinal | Length Pressure Pressure of Weld
Weid (inch) {psigy Flaw to That of
Flaw in Pipe
Material, percent
30 x 0.328 inch X60
Pipe 7.00 705 -
Weld DSA 7.00 870 123
30 x 0.360 inch X60
Pipe -— 6.00 925 -
Weld DSA 6.00 995 108
30 x 0.390 inch X60
Pipe - 3.00 1265 e
Weld HAZW DSA 3.00 1334 106
30 x 0.375 inch X52
Pipe — 7.00 785 —
Weld FW 7.00 695 89
30 x 0.360 inch X60
Pipe - 5.30 950 e
Weld Fw® 530 830 88
20 % 0.250 inch X52
Pipe - 3.00 1193 -
Weld ERW 3.00 1142 92
a} Flaw was located approximately in the heat affected zone (HAZ) at mid thickness of

the pipe wall. Both inside and outside reinforcements were ground off.
b) Normalised flash welds.

FWwW = flash welds

ERW = glectric resistance welds
DSAW = double submerged arc welds
FBW = furnace butt welds

LW = lap welds

W = induction welds

5.10.3 Fracture Mechanics Assessment

Conventional fracture mechanics criteria can be applied to assess the risk of fracture. In the
following discussion, the level 2 (or level 3) PD6493 procedure is used, as proposed by Andrews
(1992a).Details of the procedure of assessing brittle fracture (K,) and plastic collapse (8,) are
given in PD6493 (1991).
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The assessment procedure for the S, (the ratio of effective net section stress and the flow
stress) of the failure assessment diagram (FAD) will be the same for a corroded weld as for a
crack, since plastic collapse is not affected by local stress concentrations.

An approach for assessing the stress intensity factor ratio X, (the ratio of the siress intensity
factor 1o the material fracture toughness) of a corroded weid is 1o assume the groove as a crack
of the same depth and length and use equations written in PD6493(1991),

When a corrosion groove intersects a pre-existing crack, or a fatigue crack may initiate and grow
from a groove, a stress intensity factor required for fracture mechanics analysis could be obtained
using the stress concentration factors from handbooks (e.g. Peterson 1974) or finite element
analysis of the particular geometry (Andrews 1992a).

It is noted that the effect of fracture toughness of the material is accounted for in the calculation
of the stress intensity factor ratio K, according to fracture mechanics criteria(PD6493 1991).

5.10.4 Ductile and Low Toughness Pipe

The methods of flaw assessment presented in this report (Section 5.10.3)are applicable to pipe
steels that can be expected to exhibit ductile fracture initiation. Most pipe materials
manufactured under API Specification 5L since the First Edition (1927) can be expected to
initiate failure in a ductile manner. However, many materials made prior to 1927 and some made
afterward are susceptible to brittle failures at low levels of applied stress in the presence of small
defects. This may also be the case for many contemporary pipeline materials when exposed to
low temperature. Furthermore, ductile failure initiation may transform to brittle fracture
propagation even in contemporary materials.

5.11 FEffect of Axial Load

The B31G criterion does not distinguish between open and close ended conditions and it was
validated from close ended test data. The effect of axial load is not explicitly accounted for in
the B31G criterion but it has been developed for pipes with end caps and therefore certain axial
tension is applied, which is half of the stress in the circumferential direction in elastic region.
The burst pressure for close ended pipe can be higher than the one for open ended pipe.

5.11.1 Causes of Axial Load
The causes of axial load are summarised as bellow:
a) Differential pressure and Poison effec
The axial force N due to differential pressure for Unrestrained Pipelines, is estimated as
(5.24)

i 2 1 x
Ne=—(D-2t ) Pi-— D" P,
4( IP 4DP

in which P, and P, are internal and external pressure respectively and compressive axial load
is positively defined.
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(b} Differential Temperature
The axial load due to the difference of the temperature in the outside and the inside of pipe is

No=-n(D-ttEq, AT (5.25)

in which oy denotes thermal expansion coefficient and E is the Young's modulus.

The amount of the axial load due to pipeline installation depends on the sea bottom and
installation methods.

(d) Soil movement
(¢) Uniform or concentrated loads on spans

5.11.2 Finite Element Analyses

The effect of various loadpaths on the burst pressure of longitudinally corroded pipes were
investigated by means of the finite element methods. Two models were utilised, and a total of 26
analyses were carried out. Three different load paths were evaluated, while two of the load paths
were investigated in more details.

A. Operating pressure, succeeded by external axial load until ultimate collapse (burst).

B. Operating pressure, succeeded by a external constant axial compressive strain {displacement),
and further additional pressure until ultimate collapse.

C. Operating pressure, succeeded by a external constant axial compressive stress (force), and
further additional pressure until uitimate collapse.

The loadpath B and C were investigated in more details.

Problem

In the finite element analysis of the bursting behaviour and ultimate strength of longitudinally
corroded pipes under combined internal pressure and axial compression, the pipes shown in
Table 5-8 are considered.

Geometry
The bursting behaviour and ultimate strength of the corroded pipes under combined loads are

numerically studied for the following two pipes:
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Table 5-8  Pipe and Corrosion Geometries - Longitudinally Corroded Pipes
under Combined Internal Pressure and Axial Compression

Cuter Wall- Befect Defect Defent
Dismeter Thickness Depih Length Width it WinD)
D £ dfmm} L W
{mm} {mm) {mm} {mm)
Pipe-1D | 304.8(12 in) 6.35 4953 infinite 20.0 0.78 0.021
Pipe-2E | 914.(36 in) 220 6.6 infinite 480 0.3 1/6
Boundary condition

The boundary condition is determined considering symmetric conditions in the axial and
circumferential directions.

Load application
A static solution procedure implemented in the finite element program Spectrum (Centric 1995)
is applied to study the pre- and ultimate strength behaviour.

Material parameters
A power law curve is used for the true-stress/logarithmic-plastic-strain relationship for strains
greater than 1 %. This has the following analytical form for API 5L X60 material:

. (e * (5.26)
age=Cey C“&;‘;‘" Ga JOor g,>1%

in which n"=0.13 and o, = 563 MPa. o, and g, denotes true-stress and logarithmic-plastic-strain
respectively. e is the base of the natural logarithm. The vield stress is 434 MPa. Between zero
and 1 % plastic strain, a linear relationship is assumed for the stress/strain curve.

Note that Young's Modulus E is 210000 MPa and Poison's Ratio v is 0.3,

The analyses and results are included in details in a separate report, DNV report 95-3514 “Finite
Element Analyses of Corroded Pipes” (Bjernoy and Skjolde (1995)).

5.11.3 Bursting Behaviour and Ultimate Strength

In Figure 5-15 to Figure 5-20 the hoop stress versus the longitudinal stress are plotted for both
models (Table 5-8) and the three different loadpaths.

In Figure 5-15 results from the analyses using the model with d/t=0.78 are shown. The figure
shows the stresses for the loadpath A at a position in the corroded region (local), and at one
position far off the corroded region (nominal). The von Mises yield ellipse is also included. The
pipe was exposed to internal pressure of 2 MPa, succeeded by axial compressive force until
failure. The Figure 5-16 shows the stresses for the analysis with the loadpath B, which was first
internal pressure of 2 MPa, then axial compressive strain of 0.133% (displacement control), and
succeeded by additional internal pressure until failure. And finally, in Figure 5-17 shows the
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stresses for the analysis with loadpath C. First internal pressure was applied, then axial
compressive stress of 75 MPg, and succeeded by additional internal pressure until failure.

The Figure 5-18 to Figure 5-20 shows the same resulfs as in Figore 5-15 to Figure 53-17, but for
the model with d/e=0.3. The internal pressure was 14.3 MPa (Z2MPa for the previous model), the
applied axial strain was -0.32%, and the applied compressive stress was 197 MPa.

Analysis no. 6
Hoop stress versos longitudingl stress
[ pE——
__/A_/-—_;‘
§ 1
-
E _‘*’(P‘*""' - w
-0 400 v o] 4 X0 }{ -
H / -
II 20 //
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.
Longkndins! #res (MPe)

Figure 5-15 Hoop Stress Versus Longitudinal Stress for model Pipe 1D, for loadpath A
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Figure 5-16 Hoeop Stress Versus Longitudina! Stress for model Pipe II}, for loadpath B
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Figure 5-18 Hoop Stress Versus Longitudinal Stress for model Pipe 2E, for loadpath A
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Figure 5-20 Hoop Stress Versus Longitudinal Stress for model Pipe 2E, for loadpath C
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5.11.4 Interaction Curves for Selected Loads

For both models described in Table 5-8 several analyses were carried out for the loadpath B and
( described in Chapter 5.11.3. The results are shown in Figure 5-21 to Figure 5-24. The figures
show the loadpath and the failure point. A von Mises yield interaction curve is also indicated,
and the prosedure to caloulate the curve is shown in this section.

Fart 1. L.0ad 13 o J LANEAL TeSsSUL Fud LS

Figure 5-21 Interaction between Burst Pressure and Axial Stress for Longitudinally Corroded
Pipe (D=914 mm, =22 mm, d/t=0.3)

Figure 5-22  Interaction between Burst Pressure and Axial Stress for Longitudinally Corroded

Pipe (D=304.8 mm, t=6.35 mm, d/t=0.78)

The axial stress is a load type loading (different from that of deformation load). The axial stress
is the sum of the stress due to the end cap effect and the applied axial compressive stress. [t has
been shown that axial stress reduces burst pressure. It is observed that the interaction between
compression and bending can be represented by von Mises yield function. A procedure to
generate the interaction curve is as follows:

(1)  To calculate the point on the Y-axis of the coordinate system using the proposed criterion,
reduced to Py = oy, -2-t-(1-d/t) / D when M-,
(For example; P = 563 MPa-26.35 mm-(1-0.78) / 304.8 mm = 5.16 MPa)

(2)  The point on the X-axis is calculated as X = oy *ATelgymoged / AT€8yncorrodeds whichisa
simple capacity reduction due to the reduced cross section area.
(For example; X, = 563 MPa - (xDt-wd)/zDt = 554 MPa)

(3)  The points between these two points are generated using von Mises yield function.

CRCEES
r, X,) B X,

Part 2 L.oad path: 1 Il ] AXAAL STl L IESSL 2ULS]
Figure 5-23 Interaction between Burst Pressure and Axial Strain for Longitudinally Corroded
Pipe (D=914 mm, =22 mm, d/t=0.3)

Figure 5-24  Interaction between Burst Pressure and Axial Strain for Longitudinally Corroded
Pipe (D=304.8 mm, t=6.35 mm, d/t=0.78)

The axial strain is a deformation type loading and its value is a constant while applying pressure
to burst. It has been shown that the pressure to burst is almost a constant for different levels of
axial strain.
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Design pressure, - > axial force, -> pressure to burst.
(D=91dmm, t=22, d/t=0.3) (longitudinal)
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Figure 5.21 Interaction between Burst Pressure and Axial Stress for Longitudinally
Corroded Pipe (D=914 mm, =22 mm, d/t=0.3)

Design pressure, -> axial force, > pressure o burst.
(D=2304.8mm, t=6.35, d/t=0.78) (ongitudinal)
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Figure 5-22 Interaction between Burst Pressure and Axial Stress for Longitudinally
Corroded Pipe (D=304.8 mm, t=6.35 mm, d/t=0.78)
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Design pressure, -> axial strain, -> pressure to burst.
(D=%14mm, =122, d/t=0.3)(ong)
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Figure 5-23 Interaction between Burst Pressure and Axizl Strain for Longitudinally
Corroded Pipe (D=914 mm, t=22 mm, d/++0.3)

Design pressure, -> axial strain, - > pressure to burst.
- (D=304.8mm, t=6.35, d/t=0.78)(ong)
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Figure 5-24 Interaction between Burst Pressure and Axial Strain for Lengitudinally
Cerroded Pipe (D=304.8 mm, £6.35 mm, d/t=0.78)
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5.11.5 Proposed Interaction Equations

In the B31G criterion, the effect of axial load has not been discussed. Tensile longitudinal stress
may delay yvielding and pipe burst. On the other hand, compressive longitudinal stress may
accelerate vielding and result in reductions in burst pressure. The effect of axial force and the
material vield anisotropy can be considered using Hiil's vield function for plastic flow problems
(Bai et al 1993a), Note that Hill's yield function is an extension of von Mises function including
material vield anisotropy effect.

Radial stresses may be neglected in structural cylinders of usual proportions (whose D/t
exceeding about 12, see pp. 502 of Galambos 1988). This topic is concerned with the interaction
of the hoop stress caused by pressure and the longitudinal stress resulting from a combination of

axial and bending loads.

In Bai et al {1993a), it has been demonstrated through finite element analysis using ABAQUS,
that the interaction between axial tension and external pressure can be considered as a problem of
material yielding under biaxial loads when plastic flow is involved. It was found that the
reduction of hoop buckling strength due to axial tensile load could be estimated using Hill's yield
function.

This observation could possibly also be valid for the case when internal pressure is applied
together with axial tensile or compressive load. In Figure 5-25 (after Fig.14.13 of
Galambos(1988)), the general yield failure of thick-walled pipe based on the maximum strain
energy theory is shown. Eilipses have been piotted for Poisson's ratio of 0.3 and 0.5. It was
found that Poisson's ratio varied between 0.3 and 0.5 during inelastic action and an average value
of 0.4 was recommended through 200 tests of oil well casings. From the figure, it is illustrated
that:

¢ The internal burst pressure is largely reduced by axial compression.

+ The effect of axial tension is beneficial, but negligible when it is less than 60 percent of yield
strength of the pipe section. However, this effect is significant when axial tension is larger
than 60 % of the yield strength.

In fact, this conclusion has also be made by Chouchaoui B.A. and Pick R.J. (1993) through

ABAQUS analysis of the effect of end conditions. Since the effect of axial compression is

significant, this must be of some concern when considering corroded pipes experiencing bending.

Due to lack of material yield anisotropy information in connection with application of Hill's yield
function, von Mises function is recommended for accounting for the effect of the axial load, in
the proposed criterion.

Page 60

Reference to part of this report which may lead to misinterpretation is not permissible,
25 October 1995, ohb/S250ble rep



DET NORSKE VERITAS

INDUSTRY AS
Report No. 93-3637
LonGITupmNAL CORROSION
N L e s T ;
[ T i S
. ! e - L TN
B LN L
: ! LY i,
% H 13 i i ‘ * \ , 3
,é} . ARIAL, TENSION & 5 -
o ] o PTERnaL #RCSSGmE L R 1o
e LTI L Ly
i* v F T - + 0.4 * - el
T AR ComeREIsIon P i o ot
ok L i P L1y
i 7 | [seTTamas magssusg ) ] ! i 17
; . N . t ot i i i i i
L L i L Tepel T
,!2_\(§ é G’!O.B O” ﬁs : ' ) "'—;0“ ! . v WM_H
N 2080708 05 84 03 vz g | 01 93 03 0.4 65 0% 0.7 6 o o
[ fe | L L T T T s
LI TR A T T 7 ;
'l | axia, ¢ N BAp— AR TCMSION & "%’7:":‘““—"""""
. AL COHMPRESL i & LxTi® H - i '
111 Rt mma --:sw-: m“' : ; T“r“!”.{t .o 2 ]
o s R <
T 3 = H s
::iffijijfibg,_s T ]
Bl e S T N I R Y70 S
L o\ PN Py R e -
sl AL L P T T e, AR s T
iewl I T B MRS €80 0 A -
ol 'Y m ; = 2, = £
\\i:‘ Eﬁﬂg i t - - ! i
) :\., ! Aok - i I F , |
b B LA T 1.,? ! i ' C© )

Figure 5-25 [Effect of Axial Load on the Collapse Pressure
(after Fig.14.13 of Galambos(1988))

5.12 Effect of Axial and Bending Loads

Although longitudinal stresses in pipelines are often insignificant, they may occur under some
conditions, such as wave action or vortex shedding on a free span, or loading of a marine riser.
However, B31G and its modifications consider internal pressure alone. When large axial and
bending stresses are coupled with corrosion, the B31G predictions of burst pressure may be not
conservative.

Darlaston and Harrison (1977) experimentally examined ductile failure of pipes with longitudinal
defects under combined internal pressure and bending. The interaction of internal pressure and
bending on the ductile failure of a pipe containing an axial defect has been demonstrated for a
limited range of size.

Since the dominant effect of bending stress is the reduced hoop stress in the corroded region, it is

proposed that the flow stress used in the bursting strength assessment, is calculated following the
von Mises yield function using the axial (longitudinal) stress in the corroded region.

This conclusion is verified by finite element analysis results, Figure 5-21 and Figure 5-22.
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5.13 Proposed Modifications Compared with B31G Criterion

In this section, a criterion is proposed for possible implementation in residual strength and re-
qualification assessment.

{1) The NG-18 surface-flaw equation has been adopted for the prediction of hooyp stress
fevel at failure.

(2) Calculation of AREA, Spiral correction factor Q, flow stress Gpew 2nd Folias factor M
has been improved:

{a) Corrosion AREA
~Irregularly Shaped Corrosion:

Two levels of AREA assessment are proposed.
-Closely Spaced Corrosion Pits:

Criterion for pit separation distance has been proposed which is of vital importance for
accurate calculation of AREA for closely spaced corrosion pits.

-Interaction of Longitudinal Grooves

(b) Spiral correction factor Q

(c) Flow Stress op,,,
The flow stress is uitimate tensile stress o, or SMTS (Specified Minimum Tensile Stress)
if 6, is unknown, .

(d)Folias factor M

The Folias factor used in the modified B31G criterion (Kiefner and Vieth 1989) is
adopted.

(3) Corroded Welds, Ductile and Low Toughness Pipe

A fracture mechanics approach for assessing corroded welds is proposed. The effect of material's
fracture toughness (in ductile and fow toughness pipe) could be taken into account in the
assessment procedure.

(4) Corroded Pipe under Combined Pressure, Axial and Bending Loads

For corroded pipe under combined pressure, axial and bending loads, the flow stress in the
circumferential direction could be calculated considering the effects of the longitudinal stress,
using von Mises yield condition. The longitudinal stress in the corroded region is calculated
using beam theory based on the axial and bending loads applied.

Item (2) will reduce the scatter in the predictions and improve the accuracy of the criterion.
Items (3) and (4) lead to extension of the application range since these items have not been
addressed in the B31G criterion.
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6 CIRCUMFERENTIAL WELD CORROSION

Under certain conditions, the longitudinal tensile stress levels caused by external loading (axial
and/or bending components) combined with internal pressure may exceed the hoop stress level
due to internal pressure. In instances where elevated longitudinal stresses act on a corrosion
defect that has greater circumferential than longitudinal extent, circumferential failure is
theoretically possible, although it is not known to have occurred in service other than as  result
of defective girth weld. Girth weld corrosion is primarily confined to the lower part of the pipe,
e.g. from 4 o’clock to 8 o’clock at the most. B31G criteria are not suitable for evaluating
whether circumferential failure is possible.

The assessment procedure is as follows:

(@) Evaluate the longitudinal defect profile by B31G criteria to verify that the defect is
acceptable at the maximum operating pressure.

(b) Evaluate the longitudinal stress state of the pipeline, considering factors such as internal
pressure, thermal expansion, spanning loads, and other loading as appropriate. Calculate
the ratio of longitudinal stress to circumferential stress R, = o /o

(¢} Calculate the ratio of the circumferential and longitudinal dimensions of the defect,
Ry =L/,

(d) IfRg=0.5, or if Rg<R, further evaluation for circumferential failure is unnecessary. If
Rg>0.5, and R¢>R, evaluate the defect for circumferential failure by the methods
described in this Chapter.

In this Chapter, existing strength equations for circumferential failure are compared with tests
and finite element analysis results.

When this project is closing, a paper by Clyne and Jones (1995) to be published in Sept. 1995
becomes available. The paper is a result of a major research project. Clyne and Jones (1 995)
also extensively reviewed the work of Miller (1988) (as we did) and extensively collected
experimental data for pipes containing circumferential girth weld defects under internal pressure,
external bending and combined external bending and internal pressure. A total of 126 tests were
collected (but not included in details in the paper): 87 in three or four point bending, 8 under
internal pressure and 31 under combined external bending and internal pressure. The paper
contains figures comparing tests results and predictions due to alternative criteria. Their
conclusions are very similar to this project's achievement. Kastner’s equation was recommended
(as Miller (1988) suggested) and a safety factor of 2 was proposed.
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6.1 Existing Criteria for Plastic Collapse of Circumferentially Corroded Pipe

6.1.1 Kastner's Local Collapse Criterion
The plastic collapse behaviour of girth weld corrosion can be predicted using a failure ¢riterion
proposed by Kastner (Kastner et al 1981):

o _ n[n-B(l-nj] (6.1)
G pw T+ 2(1-m)sinp

where
d = defect depth
t = wall-thickness

n=1-dfit
¢ = half defect (circumferential) length
R = pipe radius

P = ¢/R (in radians)
Ogow = flOW stress

and in which o,y denotes the total axial stress.
This equation is derived below:;
The centre of gravity of the flawed pipe is
sin (6.2)
n-np

e = - KuMl

‘The pressure p then causes a bending moment
sin 6.3)
n-np

This bending moment is not only acting in the flawed cross-section but also some distance ahead,
causing a bending stress at ¢=0

M=pRI R

, sinf pR R 2nsinp (6.4)
Gy = Mot = G ax
n-np 2ip Rn % -nB

In the flawed cross-section this stress in the unflawed pipe is augmented by the ratio of wall
thickness and ligament thickness, thus

2 sinp (6.5)
=— O ax
l-mm-np
This stress has to be added to the stress caused by the internal pressure
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i (6.6)
O ax
m-np
Equating the sum of &, and o, to the flow stress oy, the critical crack-angle for a certain flaw

depth is given by

o _ n[m-B(l-n)] 6.7)
Cpow MU+ 2(1-m)sinP

C;=

6.1.2 Schulze's Global Collapse Criterion
Schulze et al (1980) proposed a net-section collapse formula (global collapse):

Sux _; BA-n)+25in" [0.5(1-1)sinB ] (6.8)
G flow i3

6.1.3 Chell Method

A conservative method for estimating the strength of pipe with circumferential corrosion is the
Chell method (Chell 1979).The minimum longitudinal tensile stress to cause failure is calculated

as
¢ (6.9)
O 4y =Gﬁow(1’ dzﬁ)
where
] i {6.10)
- f
do=d 37
J-Z =
t f
P 1+(W,/r_)2 (6.11)
2

and  d = depth of corrosion
W = circumferential width of corrosion

Chell method can be rewritten as
G _ (6.12)
T flow 1'(1'3)/f
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6.2 Circumferentially Corroded Pipes under Internal Pressure

It is assumed that brittle fracture of the girth weld corrosion is not conceivable. Consequently,
failure of the girth weld corrosion by plastic collapse only is considered. The girth weld
corrosion is assessed in terms of its depth and circumferential length,

Since a girth weld defect is very short in longitudinal direction (of typically pipe wail-thickness),
its influence on burst pressure is negligible and the influence can be assessed using B31G.
Failure of a corroded girth weld is controlled by the axial tensile stresses.

The axial stress due to internal pressure is conservatively assumed to be 0.5 * hoop stress (which
is obtained for unrestrained pipelines):

_PD (6.13)
O g = —
4t
where

P = internal pressure
D = pipe diameter
t = pipe wall thickness at girth weld location

We note that the axial stress is reduced to 0.3 * hoop stress in a fully restrained pipeline. The
total axial stress is the sum of the axial stress due to internal pressure and the axial stress result
from:

- thermal expansion

- elastic curvature

- uniform weight over spans

- concentrated load on span

- soil movement

Consequently the approach adopted in the assessment is to determine the maximum axial stress
that the girth weld corrosion can survive.

The plastic collapse behaviour of girth weld corrosion can be predicted by comparing the total
axial stress with equations given in Chapter 6.1 (i.e. Kastner's equation).

Figure 6-1 compares tests and the prediction due to Schulze's global (= net-section) collapse
value and Kastner's local collapse value. A comparison of limit pressure solutions due to
Schulze and Kastner is shown in Table 6-1.
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Figure 6-1 Circumferentially Corroded Pipe under Pressure (with end cap) with
expeﬂmental results from Eiber et al (1971), L=Leak, B=Break, a/t=(.75,
(o] chI 2, p=(PD)/(4tcp,,), From Fig.69 of Miller (1988)
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G. global {= net-section) collapse values of p; L. local {Kastner) collapse values of o
Table 6-1 Comparison of Limit Pressure Solutions due to Schulze and Kastner

The table show p which is p=(PD)/(4t0,,,.), From Table 15 of Miller (1988
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Figure 6-2 illustrates the relationship between ultimate axial stress and d/t, based on criteria by
Kastner, Schulze, Chell and B31G.

Figure 6-3 shows the relationship between ultimate axial stress and B (=¢/R, where ¢ is half
defect circumferential length), based on criteria by Kastner, Schulze, Chell and B3 1G.
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Figure 6-2 Ultimate Axial Strength of Circumferentially Corroded Pipes as a Function of
d/t, based on criteria by Kastner, Schulze, Chell and B31G
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Figure 6-3 Ultimate Strength of Circumferentially Corroded Pipes under Internal
Pressure with End Cap Effect as a Function of B (=¢/R, where ¢ is half defect
circumferential length), based on criteria by Kastner, Schulze, Chell and B31G.
The tests plotted are listed in Table 6-2 named Test 1C - Test 1G.
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6.2.1 Comparisons of Existing Criteria and Tests of Pipes, Internal Pressure

Kastner et al (1981} collected laboratory tests by Watanabe et al (1977) (Table 6.2, Test TA,

Test-1B) and Eiber et al {1971) {Test-1C - Test-1G).

Table 6-2 Pipe and Corrosion Geometries and Material Properties

Circumferentially Corroded Pipes under Internal Pressure
Number Out. Wall- Defect Defect Yield Ule.

Diam, Thickness Depth Width d/t W/pD) Stress Stress

D i d w

{mm) {mm)} {mm) {mm) (MPa) {MPa)
Test-1A 160 5.7 342 37 .60 0.24 304 376
Test-1B 100 5.7 4 37 0.70 0.24 304 576
Test-1C 600 17.4 i3 471 0.75 0.25 219 568
Test-1D 600 17.25 12.87 942 0.75 0.50 219 368
Test-1E 600 17.5 13.1 1178 0.75 0.625 219 568
Test-1F 600 17.55 13.17 1413 0.75 0.75 219 568
Test-1G 600 1745 13 1644 0.75 0.87 219 568

In Table 6-3 and Table 6-4, the flow stress equal to ultimate tensile stress has been assumed for
the analysis. When B31G is applied, the axial stress at failure is 0.5 times of the burst hoop
stress. In ail calculations, safety factors are not applied and characteristic values are compared.

Table 6-3 Comparison of Laboratory Test Results and Existing Criteria

- Bursting of Circumferentially Corroded Pipes under Internal Pressure
(The table shows mean axial stress in MPa)

Number Labo. Kastner Schulze Chell B31G
Test Local Global Method Criterion
Results Collapse Collapse
Test-1A 210, 396. 494, 264, 288.
Test-18 i73. 341, 480. 201, 288,
Test-1C 7. 198, 365, 149, 284,
Test-1D 68, i26. 222, 149, 284,
Test-1E 65, Q. 175, 145, 284.
Test-1F 83. 106. 151. 144, 284,
Test-1G 77. 115, 146, 146. 284.

Test-1C - Test-1G are plotted in Figure 6-3, in which test results are compared with Kastner's
local collapse criterion and Schulze's global collapse criterion.

The mean bias and COV for alternative criteria are shown in Table 6-4.
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Table 6-4 Comparison of Laboratory Test Results and Existing Criteria
- Mean Bias and COV
Kastner Schuize Chell B3I1G
Local Global Method {riterion
Collapse Collapse
Bias 0.591 0.403 0.619 0.387
cov 0.190 0.272 0.258 0.509

The choice of the flow stress has a great influence on the estimation of critical crack size. In
Table 6-5 and Table 6-6, the flow stress equal to the mean of yield stress and ultimate tensile
stress has been assumed for the analysis. When B31G is applied, the axial stress at failure is 0.5
times of the burst hoop stress. In all calculations, safety factors are not applied and characteristic
values are compared.

Table 6-5 Comparison of Laberatory Test Results and Existing Criteria
- Bursting of Circamferentially Corroded Pipes under Internal Pressure
(The table shows mean axial stress in MPa)
Number Laba, Kastner Schulze Chell B3iG
Test Local Global Method Criterion
Results Collapse Collapse
Test-1A 210, 303, 378. 201, 151,
Test-18 173, 260, 367, 154, 151,
Test-1C 87, 137, 353, 104, 110,
Test-1D 68. 87. 154. 102, 110.
Test-1E 65, 76. 121. 101. 110,
Test-1F 85, 73. 105, 100, FHi0.
Test-1G 77 30. 101, 101, Fi0.
The mean bias and COV for alternative criteria are shown below:

Table 6-6 Comparisen of Laboratory Test Results and Existing Criteria
- Mean Bias and COV
Kastner Schulze Chell B31G
Local Global Method Criterion
Collapse Collapse
Bias 0.833 0.566 0.861 1.68
Cov 0.215 0.285 0.213 0.334
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6.2.2 Finite Element Analysis of Bursting under Internal Pressure

6.2.2.1 Bursting Behaviour and Ultimate Strength

Problem

The purpose of the finite element analyses is to generate numerical data for the comparison of the
accuracy of various analytical predictions.

Geometry and mesh
In the finite element analysis of the bursting behaviour and ultimate strength of circumferentially
corroded pipes under internal pressure, the following pipes shown in Table 6-7 are considered.

Table 6-7 Pipe and Corrosion Geometries and Material Properties
- Circumferentially Corroded Pipes under Internal Pressure

Outer Wall- Defect Defect Defect
Diameter Thickness Depth Length Width dst Wi(pD)

b t d L w

{mm) {zmm) (mm) (mm} (mm}
Pipe-2G 914.0 220 13.2 200 479 0.6 0.167
Pipe-2H 914.0 22.0 132 200 957 0.6 {1 0333
Pipe-21 914.0 220 13.2 200 1915 0.6 0.667

Pipe-2J 914.0 220 132 20.0 2872 0.6 1.0
Pipe-2K 914.9 220 6.6 400 957 0.3 0.333
Boundary condition

The boundary condition is determined considering symmetric conditions in the axial and
circumferential directions.

Load application
A static solution procedure implemented in Spectrum (Centric 1995) is applied to study the pre-

and ultimate strength behaviour.

Material parameters
A power law curve is used for the true-stress/logarithmic-plastic-strain relationship for strains
greater than 1 %. This has the following analytical form for API 5L X60 material:

. (6.14)

p
GO:CE:J" N C;m(w_.) G ouie fOf' 80>]%
H

4

in which n_=0.13 and o, = 563 MPa. ¢, and &, denotes true-stress and logarithmic-plastic-strain
respectively. e is the base of the natural logarithm. The yield stress is 434 MPa. Between zero
and 1 % plastic strain, a linear relationship is assumed for the stress/strain curve,

Note that Young's Modulus E is 210000 MPa and Poison's ratio v is 0.3 in the linear range.

The analyses are described in details in the project report 95-3514, “Finite Element Analyses of
Corroded Pipes”, (Bjerney and Skjolde, 1993).
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6.2.2.2 Comparisons of Finite Element Results and Existing Criteria

Table 6-8 compares the finite element analysis results with the existing prediction equations. In
all calculations based on analytical formulas, the flow stress is taken as the ultimate tensile siress
of the material o,. The axial stress o, from the finite element analysis is taken as half of the
hoop stress from the internal pressure: o,y = (PDY(4t).

Table 6-8  Comparison of Finite Element Analysis Results and Existing Criteria
- Burst Pressure of Circumferentially Corroded Pipes under Internal
Pressure
Finite Kastner Schalze Chell B3iG
Element Local Glohal Method Criterion
Results Collapse Collapse
Pipe-2G 301 343 453 234 203
Pipe-2H 280 247 356 230 203
Pipe-21 267 183 244 227 203
Pipe-2] 269 225 225 227 203
Pipe-2K 312 247 356 230 203

(The table shows axial stress 6,y in MPa)

Table 6-9 shows the mean bias and COV for alternative strength equations as compared to the

finite element results.

Tabie 6-9 Comparisen of Finite Element Analysis Results and Existing Criteria
- Mean Bias and COV
Kastner Schulze Chell B31G
Local Global Method Criterion
Collapse Cellapse
Rias 118 0.92 1.25 141
cov 0.174 0236 0.061 0.069

The comparison is also shown in the following figure in which the analytical predictions are
compared with Pipe-2B - Pipe-2E

Prediction based on the following strength equations are compared in Appendix C.

Kastner's Local Collapse Criterion
Schulze's Global Collapse Criterion
Chell Method

B31G criterion

* & &
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B31G criterion is for longitudinal rupture due to internal pressure, while the other equations are
for transverse fracture. While B31G criterion is compared, o,y is taken as 0.5 times the hoop
stress {as for unrestrained pipes).
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Figure 6-4 Burst Pressure as a Function of Circumferential Width (Angle)
- Comparison of Finite Element Results with Analytical Prediction. The
FEM results are listed in Table 6-8.
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6.3 Circumferentially Corroded Pipe under Bending

6.3.1 Anderson’s Equation

Plastic coliapse of pipes with loss of material in circumnferential direction had been investigated
in a study on the failure of pipes containing girth weld repair grooves subjected to offshore
laying stresses by Anderson et al (1988). A plastic collapse solution for circumferentially
notched pipes in bending was derived. This analysis can be used to predict failure in pipes
containing part-wall or through-wall repair grooves at various circumferential positions. Four-
point bending tests on small scale pipe sections were performed to validate the analysis
experimentally. The agreement between theory and experiment was reasonably good in most
cases. The theoretical collapse solution is summarised below:

Consider a pipe containing a groove of length L and depth d, as shown in Figure 6-5. The
neutral axis will shift owing to the presence of the notch. This shift Y, is given by

v, = Rid(cosa, - cosa ;) (6.15)
© T 2n(Rat - RgdX)
where X is the fraction of cracked circumference:
L (6.16)
nl
The radius to the mid-thickness of the groove, R,, and the angles «, and «, are defined in
Figure 6-3.

Figure 6-5 Definition of Terms in the Plastic Collapse Analysis of a Notched Pipe in
Bending, From Fig.4 of Anderson et al (1988).
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Consideration of moment equilibrium on the section below the neutral axis resulted in the
foliowing equation for collapse:

\% {6.17)
2 ; i
‘fw—w{{niﬁji C&‘}Sﬁ' }i,%i
AMG 2z Litm - ﬁ RmJ

2
Where
pean(2) e
R

(For the sake of mathematical convenience, angular dimensions in all equations are expressed in
terms of radians).

M, is the collapse moment in un-noticed pipe and is computed from:

Mo=4 RS pon (6.19)

Eq. (6.17) is not valid if the grooves intersects the neutral axis, i.e, if o, <B. In such cases a
correction factor must be subtracted from Eq.(6.17):

e o

_1"_{. B Mr I ( Rg)z (6-26}

Ra

Mo My 2

Where M /M, is the value obtained from Eq.(6.17).

Figure 6-6 and Figure 6-7 are plots of predicted collapse moment in thin wall pipes (R, = R,)as
a function of notch length and of circumferential position, respectively. The 6 values
correspond to the angle from the centre of the flaw to the 12 o'clock or 6 o'clock position.
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Figure 6-6 Predicted Collapse Moment vs. Notch Length for Thin-Wall Pipe
From Fig.9 of Anderson et al (1988)
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Figure 6-7 Predicted Collapse Moment vs. Circumferential Position for Thin-Wall Pipe
From Fig.10 of Anderson et al (1988)
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6.3.2 Net-section Collapse Formula

] -1) -m Jsi - 6.21
m=—2 —cog n)ﬁ)_ﬂ nsinp 2B g T (621)
4R zsﬂaw R Z 2 g fl”éﬂ’rg
The net-section collapse formula (Miller 1988) is:
and
-B/l- -n /s . (6.22)
= :nsm(n B n)}gf njsinp  mB gl ®
4R2tcﬁpw 2ﬂ 2 ﬁ J"‘l"'q

The formula is plotted in Figure 6-8. Different expressions are needed according to whether the
neutral axis is in the flaw or not. If the flaw is in a compressive region, then it might be assumed
that it did not have a weakening effect and uncracked result would be used instead.

1.0

Q.8
dit-050

O.§ =

m

Q. &

0.2
dit = 1.0

L i
[+ 0.2 [ ¢.5 a.3 1.0

Figure 6-8  Net-section Collapse for Surface Circumferential Defects in Bending
From Fig.66 of Miller (1988)
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6.3.3 Wilkowski and Eiber's Formula

Wilkowski and Eiber (1981) conducted a large number of bend test on small scale and full scale
pipe sections which contain simulated repair grooves. From these data, they derived critical
semi-empirical relationships between applied stress, flow stress, repair groove dimensions and
pipe geometry. An empirical result given by Wilkowski and Eiber (1981) for a local collapse
expression is

Mo . (6.23)
RS fon 1-(1-n){I+0.26(p /7 )+ 47(B /= ) - 59(p /?r)j)w

6.3.4 Willoughby's Empirical Lower Bound
Willoughby (1982) gave an empirical lower bound

M (6.24)
= [ . 1.6(1 -
P (1-n)B

Experimental verification is limited to n>0.2. Comparison between experiment and theory is
given in Figure 6-9.
" Miller (1985) compared test results with the theoretical expressions and concluded that the net-
section collapse given in Section 6.3.2 function better than Wilkowski and Eiber (1981) formula
and Willoughby 's empirical lower bound.

%, O, Witkowski and Eiber;

(E1 {0, Glover ¢r al. -

TR

i i i kL i
[F T 06 ©S o0&k 0T
{1-n328

+
oL
0

LA

Figure 6-9  Comparison between Failure Stress and B for Circumferential Defects in
Pipes under Bending, From Fig.67 of Miller (1988) Page 79
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6.4 Circumferentially Corroded Pipes, Bending and Pressure

Circumferentially Corroded Pipes under Combined Bending and Internal Pressure, the net-
section collapse formula, (Miller 1988)

[ - -1 sl + ) .
M mc{,s-&xpm ?‘é}B}_{f wsing PR o _nliip (6.25)
YRS pow 2 2 26 powt 1+n
and
-(1- s .y 6.26
&mm(wﬂp) (1 n)s)qf Wsing PR ity (626)
4R2tcﬂow 2‘1 2 2Uﬂowt j+n

The second pair of expressions apply when the neutral axis is in the defect. When part of the
crack is in compression, it is probably unduly conservative to neglect its load-carrying capacity.

Miller (1985) review published experimental results and concluded that they were in reasonable
agreement with the net-section collapse result.

Stress result from bending moment M is Mf(nth). Kastner (1981) proposed that a lower bound
expression for the Jocal collapse load is to add the axial stress due to bending to the axial stress due
to internal pressure and then equal the total stress to the flow stress. This is based on an elastic
stress distribution, and the limit moment is independent of crack size in pure bending.

In other words, Kastner (1981) proposed a linear interaction between internal pressure and bending.

6.5 Circumferentially Corroded Pipes under Axial Load and Pressure

6.5.1 Finite Element Analysis

The effect of various loadpaths on the burst pressure of circumferentially corroded pipes were
investigated by means of the finite element methods. Two models were utilised, and a total of 28
analyses were carried out, Three different load paths were evaluated, while two of the load paths
were investigated in more details.

A. Operating pressure, succeeded by external axial load until ultimate collapse {(burst).

B. Operating pressure, succeeded by a external constant axial compressive strain (displacement),
and further additional pressure until ultimate collapse.

C. Operating pressure, succeeded by a external constant axial compressive stress (force), and
further additional pressure until ultimate collapse.

The loadpath B and C were investigated in more details.
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Problem
Kastner (1981) proposed a linear interaction between axial load and axial stress due to internal

pressure.

It is aiso reasonable to assume that the interaction between axial tension and internal pressure is
same as the interaction between bending and internal pressure due to net-section collapse.

The main purpose of this section is to investigate the interaction numerically.

Geometry and mesh
The bursting behaviour and ultimate strength of the corroded pipes under combined loads are
studied for the two pipes shown in Table 6-10.

Table 6-10  Pipe and Corrosion Geometries and Material Properties
- Circumferentially Corroded Pipes under Internal Pressure and Axial Loads
Outer Wall- Defect Defect Defect
Diameter Thickness Depth Length Width dit WizD)
D t d L W
(mm) {mm) {mm) (mm) (mm)
Pipe-2H 914.0 220 13.2 20.0 904 0.6 0.333
Pipe-2K 914.0 22.0 6.6 20.0 504 03 0.333
Boundary condition

The boundary condition is determined considering symmetric conditions in the axial and
circumferential directions.

Load application
A static solution procedure implemented in Spectrum (Centric 1995) is applied to study the pre-
and ultimate strength behaviour.

Material parameters
A power law curve is to be taken for the true-stress/logarithmic-plastic-strain relationship for
strains greater than I %. This has the following analytical form for API 5L X60 material:

(627)

,,.
. e
oo=Cey Cz(";) Guw Jor g,>1%
n

in which n_=0.13 and o, = 563 MPa. o, and g, denotes true-stress and logarithmic-plastic-strain
respectively. e is the base of the natural logarithm. The yield stress is 434 MPa. Between zero
and 1 % plastic strain, a linear relationship is assumed for the stress/strain curve.

Note that Young's Modulus E is 206000 MPa, and Poison's ratio v is 0.3 in the linear range.

The analyses are described in details in the project report 95-3514, “Finite Flement Analyses of
Corroded Pipes”, (Bjerney and Skjolde, 1995).
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6.5.2 Bursting Behaviour and Ultimate Strength

In Figure 6-10 to Figure 6-19 the hoop stress versus the longitudinal stress are plotted for both
models (Table 6-10) and the three different loadpaths.

In Figure 6-10 resulis from the analyses using the model with d/t=0.3 are shown. The figure
shows the stresses for the loadpath A at a position in the corroded region at both the inner
surface, and the outer surface (inside/ouside), and at one position far off the corroded region
(nominal). The von Mises yield ellipse is also included. The pipe was exposed to internal
pressure of 14.3 MPa, succeeded by axial compressive force until failure. Figure 6-11 shows the
stresses for the analysis with the loadpath B, which was frst internal pressure of 14,3 MPa, then
axial compressive strain of 0.15% (displacement control), and succeeded by additional internal
pressure until failure. And finally, Figure 6-12 shows the stresses for the analysis with loadpath
C. First internal pressure was applied, then axial compressive stress of 330 MPa, and succeeded
by additional internal pressure until failure.

The Figure 6-13 to Figure 6-19 show the same results as in F igure 6-10 to Figure 6-13, but for
the model with d/t=0.6. The loading was also identical.

Hoop sres (MPa)

Figure 6-10 Hoop Stress Versus Longitudinal Stress, Pipe-2H, d/t =0.6, for loadpath A
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Analysis no. 38

Hoop stress versus longitodinal stress
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Figure 6-12 Hooep Stress Versus Longitudinal Stress, Pipe-2H, d/t =0.6, for loadpath C
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Analysis ne. 46
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Figure 6-14 Hoop Stress Versus Longitudinal Stress, Pipe 2K, d/t =0.3, for loadpath B
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Boap sirem (MFw)

Figure 6-15 Hoop Stress Versus Longitudinal Stress, Pipe 2K, d/t =0.3, for loadpath C

6.5.3 Interaction Curves for Selected Loads

For both models described in Table 6-10 several analyses were carried out for the loadpath B and
C described in Chapter 5.11.3. The results are shown in Figure 6-16 to Figure 6-19. The figures
show the loadpath and the failure point. A von Mises yield interaction curve is also indicated,
and the procedure to calculate the curve is shown in this section.

Part 1: Load path: Design Pressure --> Axial Stress --> Pressure to Burst

Figure 6-16  Interaction between Burst Pressure and Axial Stress for Circumferentiaily
Corroded Pipe (D=914 mm, t=22 mm, d/t=0.6)

Figure 6-17  Interaction between Burst Pressure and Axial Stress for Circumferentially
Corroded Pipe (D=914 mm, t=22 mm, d/t=0.3)

The axial stress is a Joad type loading and its value is a constant while applying pressure to burst.
It has been shown that axial stress reduces burst pressure. The axial stress is the sum of the stress
due to the end cap effect and the applied axial compressive stress. It is observed that the
interaction between compression and bending can be represented by von Mises yvield function. A
procedure to generate the interaction curve is as follows:
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(1) To calculate the point on the Y-axis of the coordinate system using the hoop stress formula
criterion, Py = o, 211/ D.

(For this example; P, = 563MPa -2:22.0/ 914 = 27.1 MPa)

(2} The axial stress is applied in the centre of the pipe circle. The point on the X-axis of the
coordinate system is obtained by equating the ultimate tensile stress of the material to the
sumn of the axial stress and the bending stress due to the eccentricity of the axial stress.
(Anderson’s equation, Eq. (6.15). For this example, D=914 mm, =22 mm, d/t=0.6 and
w=904 mm.

) (6.28)
(»»212 —t 4 g—) -d -(c0s30 ~ cos150)

ki ((gnm{)fﬂ(g_t.}i}dﬂ)
2 2 2 2 D

The additional stresses due to the axial stresses and the eccentricity is calculated as
Obending = 40ax€/D. The cross section reduction factor is Area gyrogeq / AT€8umcomogeq = 0.8.
The stresses are set equal to the ultimate stress;

*1—-6' +o = (*—-}—-i* 43) = J (6.29)
08 ax bending 08 wit

When solving the equation the o, = 342 MPa. (o, = 563 MPa)
(3)  The points between these two points are generated using von Mises yield function,

[P]Z (XT P X {6.30)
i 4| — R e |
£ Xy

90 mm

e =

..__..‘o’ax
D

It is noted that local buckling can be a failure mode for pipes under high axial stress and low
internal pressure. Local buckling can be assessed as discussed in Chapter 6.6.

From Figure 6-16 and Figure 6-17, it is also observed that the effect of tensile axial stress is
negligible.

Part 2: Load path: Desi

Figure 6-18  Interaction between Burst Pressure and Axial Strain for Circumferentially
Corroded Pipe (D=914 mm, t=22 mm, d/t=0.6)

Figure 6-19  Interaction between Burst Pressure and Axial Strain for Circumferentially
Corroded Pipe (D=914 mm, =22 mm, d/t=0.3)

The axial strain is a deformation type loading and its value is a constant while applying pressure
to burst. It has been shown that the pressure to burst is almost a constant for different levels of
axial strain.
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Burst pressure (MPa

-500 -409 -300 -200 -0 ¢ 100 200 300 400 300
Axial stress (MPs)

Figure 6-16 Interaction between Burst Pressure and Axial Stress for Circumferentially
Corroded Pipe (Pipe-2H, D=914 mm, =22 mm, d/t=0.6)

Burst pressure (MPa)

-500 000 -3000 200 .10 0 100 200 306 400 500
Nominal axial stress (MP3a)

Figure 6-17 Interaction between Burst Pressure and Axial Stress for Circumferentially
Corroded Pipe (Pipe-2K, D=914 mm, t=22 mm, d/t=-0.3)
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Burst pressure (MPa}
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Figure 6-18 Interaction between Burst Pressure and Axial Strain for Circumferentially
Corroded Pipe (Pipe-2H, D=914 mm, =22 mm, d/t=0.6)
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Figure 6-19 Interaction between Burst Pressure and Axial Strain for Circumferentially
Corroded Pipe (Pipe-2K, D=914 mm, =22 mm, d/t=0.3)
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6.6 Local Buckling of Circumferentially Corroded Weld (Pipe)

6.6.1 Local Buckling of Pipes under Compression/Bending

Local buckling of pipes subjected to pure bending has been investigaied by many researchers.
The investigations show that pipe buckling is possible in two different modes: limit point type
and bifurcation type of instability. Cross-sections of idealised pipes will deform by ovalizing
under moment. As the deformation increases with increasing moment, it acts to reduce the
moment-carrying capacity of the cross-section until a limit point is reached where the moment-
curvature curve has zero slope. The loss of pipe stability beyond this point is called limit point
collapse, which is caused by cross-section ovalization and reduced slope of the stress-strain
relationship of the material. The pipe buckling associated with the axial mode of deformations
(similar to buckling of compressed cylinders) is called bifurcation buckiing. For D/t range of
less than 35-40, limit point collapse occurs before bifurcation buckling. For larger pipes of D/t
ratios, bifurcation buckling occurs earlier and in the plastic range.

Since typical pipe material stress-strain curves have the characteristic that a small difference in
stress corresponds to a large difference in strain in the plastic range, using a strain criteria is
considered more appropriate than a stress criterion.

A recent publication on limit-point collapse has been made by Bai et al(1994a). Substituting
material properties for typical pipelines (linear yield stress @, = 327.13 MPa, hardening
parameter n=18.83 and yield anisotropy parameter $=1.081), a simple (mean value) equation for
critical strain may be obtained from Bai's formulae {Bai et ai 1994a) as below:

e, =063 (6.31)
or * D

A theoretical study by Gellin (1980) indicates that the critical maximum axial stress for pipes in
bending is close to the buckling stress for pipes under pure compression predicted by Batterman
(1965). This was confirmed by Readdy (1 979), who compared Batterman's prediction with his
tests of pipes under pure bending. Recent experimental and numerical studies by Bai (1989) and
Kyriakides and Ju (1992) indicated that buckling strain for pipes under pure bending can be 30%
higher than buckling strain for pipes under pure compression.

Among many others listed in his literature, Batterman (1965) studies plastic buckling of axially
compressed cylindrical shells analytically and experimentally. The analytical work has been
based on both incremental theory and deformation theory. It has been found that the prediction
due to deformation theory agrees well with experimental observation. His results based on
deformation theory are summarised below:

A stress-strain relationship of the material is fitted by Ramberg-Osgood Curve

£2§(1+£(i}n“f} (6-32)
T OEL T\
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The secant modulus E, is
niy! {6.33)
ESL—%EL@(-"——? J
£ é\\ 7 Ggf

The tangent modulus E, is
wiy (6.34)
dg 7 [ 293

According to Batterman's deformation theory, the half-wave length of plastic buckling is

1 n [Re( + 3y )]“i" ©635)

dew Ji

2 [3((3\,, +2-4v)x~(1-zv)")]"3

and the buckling stress is given by
_ 2E t (6.36)

i [3((3w +2-4v)x-(1-2v)3)]§E

Ty

in which -
E 3( o )"" 6.37)
Yo e ]+ =
Es 7\o g
and
-1 (6-38)
E: 7 O g

The poison's ratio v is somewhat between 0.3 and 0.5. For buckling in fully plastic range, v is
close to 0.5. Assuming a poison's ratio of 0.5, Batterman's analytical prediction is identical to
Gerard's equation (Gerard 1962), which is shown below:

The half-wave length of plastic buckling is

! 6.
i3 (}\v*if*_?\y)?J— (639
MUy
Wry
and the buckling stress is given by
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2E ¢t 2 H
Oa™= o = ‘"VESE:E

i

The buckling strain is estimated using

_os _ 2 [E ¢ (6.41)
EgT=— & = [/ —
Es 3VEs R

The procedure for iterative calculating buckling stress is:

1) To assume a stress o
2) To calculate Eg, E,, strain £ using Ramberg-Osgood Curve
3) To calculate o
4} To calculate Ao,
ifo4> o, then Ac>0
if o4 < g, then Ac<0
5) Use o+Ao, start from 1) again until o-0y is close to 0.
For a typical pipeline, the following material parameters and geometry parameters are assumed:
- Radius R = 457 mm
- Wall-thickness t = 22 mm
- Young's moduius E = 206000 MPa
- Poison’s ratio v = 0.3
- Material APl SLX60: op = 395.8 MPa, =19

The predicted half-wave length of plastic buckling for uncorroded pipes is L, =196.9 (mm)and
the predicted buckling stress for uncorroded pipes is 6, = 440.6 (MPa). The buckling strain is
calculated from the buckling stress and the Ramberg-Osgood curve g4 = 0.0084.

Note that the axial length of a circumferential weld is typically 20 mm. The predicted L, is 9.84
times of the length of the circumferential weld. This means the weld is not sufficiently long to
buckle in the weld ! Local buckling will therefore not actually occur in the weld.

When a pipeline is corroded, the buckling calculation should be done based on the remaining
wall-thickness (which is t-d ) and consequently the buckling strain can be lower.

Assuming a 80% of wall-thickness has been reduced due to corrosion, buckling calculation is
done using the remaining wall-thickness of 4.4 (mm). The predicted half-wave length of plastic
buckling for the corroded pipe is Ly = 13.4 (mm) and the predicted buckling stress for the
corroded pipes is o4 = 393.3 (MPa). The buckling strain is calculated from the buckling stress
and the Ramberg-Osgood curve gy = 0.00264. Since L, is smaller than the weld length, local
buckling may actually occur. The critical strain given by Bai's formula for limit-point collapse
&cr (= 0.63 t/D) 15 0.0031. This means that for the pipeline considered, bifurcation buckling will
occur before limit-point-collapse.
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Local buckling is catastrophic and leads to containment leakage from the buckling pipe. because
load-carrying capacity is reduced dramatically after the occurrence of local buckling. A
procedure to caleulate the global strain which lead to local buckling is

1 Assume a corrosion depth 4

2 Calculate allowable strain in corroded area using Batterman’s formulae,
A safety factor is to be applied and the remaining wall-thickness (t-d) is to be used in the
calculation.
If the predicted half-wave length of plastic buckling for the corroded pipe L is longer
than the length of the length of the circumferential weld, local buckling can not actually
occeur  because the length of the weld is not sufficient. Local buckling check is not

necessary,
3) Calculate stress in corroded region using Ramberg-Osgood curve from the allowable
strain in 2)
4) Calculate stress in uncorroded section using
CA =G corr Acor (6.42)

where o and A are stress and area at uncorroded section and Coorr and Ay, are stress and
area at corroded region

5 Calculate strain in uncorroded area, given stress (based on Ramberg-Osgood curve)

6) Check if calculated strain is identical to strain derived from global analyses

7 If 6) is not ok then start from 1).

6.6.2 Local Buckling of Pipes under Combined Loads

Kim (1992) theoretically studied the axi-symmetric plastic bifurcation buckling of pipes under
combined uniform axial compression and internal pressure. The buckling stress for pipes under
combined compression and internal pressure is predicted by

t 6.43)
Gd”‘“*\a‘(a.riazz'a?z)/-g (

R
where
an=al2y +0.5(0 -y )§% /o] (6.44)
an=af2y '*'0-50‘“‘?)3?;/(65] (6.45)
ap=-afl-2v -y +05(h-y )8, 8,/ 0l] (6.46)
$) 720 -g, (6.47)
522320';,-6' (6.48}
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1 ) 6.49
Ug”‘E(Sff‘*‘SuSzz“i“Séz) ( )

a =28/ (3yh~(1-2v J+2(1-2v ) [y -0.500 -y ) 8, S22/ 5] .50

oy, denotes hoop stress due to internal pressure. Example calculations in Kim (1992) show that
the buckling strain is improved by up to 30 % due to internal pressure, depending on the amount
of internal pressure. Similar to Batterman's equation, iterative calculation is necessary to find
buckling stress.

A number of factors exist that can influence the onset of local buckling and may have to be
accounted for in predictive analyses. One of these factors is the presence of the girth welds that
occur between the joints of pipe. The residual stresses, heat affected zones, and the geometric
imperfections introduced by the weld would be expected to cause the initiation of local buckling
at average strains of smaller magnitude than are applicable to plain pipe.

Yoosef-Ghodsi et al (1995) conducted a series of tests on specimens of full size pipe subjected to
constant axial force, constant internal pressure and monotonically increasing curvature. The test
specimens all had girth welds at mid-length and the bending curvature were continued until
wrinkles of large amplitude had formed. All pressurised specimens developed bulging wrinkles
while unpressurised specimens developed diamond pattern wrinkles. Local buckiing was defined
as the point at which load-carrying capacity is reduced {the sofiening point).

The experimental results indicate that, for the pipe associated with this test program, the
initiation of wrinkling in girth-welded pipe occurs at strains approximately equal to 60 % of that
for plain pipe.

As stated earhier, local buckling will not occur at only the girth weld zone in case the length of
plastic buckling wave is longer than the girth weld length in the axjal direction. In this case,
local buckling can possibly occur at a longer area including both girth weld zone and the base
material. The reduced wall-thickness can be a kind of imperfection/eccentricity which may
reduce the local buckling strain significantly. It is a common knowledge that the effect of
imperfection is not so significant for plastic buckling, as compared with elastic buckling.
However, as the corrosion defect is usually deep in depth, it's effect on local buckling can be
significant. This effect must be accounted for together with girth weld effect in an engineering
assessment of local buckling of pipes with corroded girth welds.

6.7 Assessment of Cracks in Girth Welds

6.7.1 Possible Cracks in Girth Weld

Various types of imperfection are known to occur in girth butt welds. The most damaging types
are cracks, inadequate penetration of the root bead, and lack of fusion. The imperfections are
particularly damaging if they occur in a weld that undermatches the vield strength of the base
tnaterial,
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When evaluating the risk for unstable fracture of the girth welds, assumptions regarding types,
dimensions and location of weld defects must be made. The most frequent type of planar/crack
like defects in one-sided Shielded Metal Arc Welding (SMAW) are lack-of-fusion defects. Such
defects can be located both near the surface or be surface breaking and may have gone
undetected following NDT procedures according to API 1104, Examples of such near surface
and surface breaking defects can be found in Karlsen (1974) which investigate some typical
defects found during installation of the Ekofisk-Teesside pipeline (P2027A).

Based on these observations it is reasonable to assume that some defects, typically with a height
equal to one weld pass, i.e. 3-4 mm and length around 150 mm may exist in the pipeline. These
cracks will be assumed to be surface breaking or becoming surface breaking due to preferential
corrosion of the root area of the girth weld.

6.7.2 Fracture of Cracked Girth Welds

The subsidence of an oil field (or soil movement) may lead to a longitudinal tensile strain in the
pipelines. This strain can, combined with a possible initial weld defect in the weld-zone, be of a
critical level with respect to the Unstable Fracture and Plastic Collapse (UFPC) failure mode.

Defects in girth weld can be addressed on one of three levels, depending upon the quality of
affected welds, the availability of certain material data, and the difficulty of making repairs.

6.7.2.1 Level 1 Assessment - Workmanship Standards

Pipeline welding codes in the US and elsewhere establish minimum weld quality standards based
on inspection of a welder's workmanship. The flaw acceptance criteria evolved through industry
experience. Hence, most workmanship standards are similar, though not identical, in terms of
allowable imperfection types and sizes. The advantage of workmanship standards is that they are
time-tested, they are compatible with normal levels of NDE quality, they do not require material
strength and toughness property data, and they are easy to apply. However, it has been
recognised that some rejectable flaws may not necessary pose a real threat to pipeline integrity.
A flawed girth weld that would be extremely costly to repair or replace should not be rejected
solely on the basis of workmanship standards.

The only workmanship standards that are presently recognised by US gas pipeline regulations are
those contained in API Standard 1104 (API 1988). Other workmanship standards one might
apply to weldments are contained in other standards (i.g., ASME B&PV Code, CAN/CSA-Z184,
BS4515).

6.7.2.2 Level 2 Assessment - Alternative Acceptance Standards

Alternative acceptance standards were developed to facilitate acceptance of flaws that do not
meet workmanship standards. Incentives for alternative standards are usually economic, arising
due to the inaccessibility or quantity of welds that would otherwise be repaired. Alternative
standards recognise that the true severity of a flaw is dependent on material toughness and
applied stress levels, and can only be determined using fracture mechanics principles.
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The crack-tip opening displacement is most commonly used as the toughness measurement of
welds. CTOD is established from destructive tests performed on weldments. If the pipeline is yet
to be constructed, CTOD tests can be performed as part of the weld procedure qualification. If
the pipeline is already in service and CTOD data are not available, the welding procedures,
consumable, and base materials used in construction may be used to duplicate welds for the
purpose of conducting CTOD tests. If any one of these elements is no longer available, it will be
necessary to obtain a representative weld for testing. Alternatively, a lower-bound CTOD of
0.001 inch (0.025 mm) may be assumed in lieu of tests.

Three alternative criteria that are recognised by their respective national regulating agencies and
that are often cited elsewhere are the appendix to API Standard 1 104, Appendix K to CSA-Z184,
and BSI PD-6493 (PD-6493 Level 1 is comparable to what is referred to herein as Level 2.). Al
three standards are based on the COD Design Curve approach developed by The Welding
Institute which extends LEFM concepts into the elastic-plastic regime. In spite of their common
origins, they differ in their treatment of residual stresses, summation of stress components,
minimum toughness level, and factors of safety.

6.7.2.3 Level 3 Assessment - Detailed Analysis

Flaws that are not permitted by Level 2 assessment may be evaluated by detailed fracture
mechanics analysis. PD 6493 provides an appropriate Level 3 procedure based on R-6 FAD
methodology. PD 6493 Level 2 and Level 3 are both comparable to what is referred to herein as
Level 3. In case accurate information about the whole stress-strain relationship for the weld
material is lacking, the default Failure Assessment Diagram (F AD) specified in PD6493, based
on yield stress and tensile stress of weld material, is applied to model the acceptance criteria
against UFPC. The default FAD for level 3 is generally conservative. The internal pressure will
have negligible influence on the UFPC capacity of transverse cracks, and is not accounted for in
the analysis.

Glover et al (1992) presented a publication on assessment of pipeline girth welds using PD6493
and Appendix K to CSA-Z184.

The fatigue and fracture mechanics software program PROFRAC (DNVS 1993}, can be applied
in the assessment of the UFPC capacity, where the default FAD for level 3 is defined as Option
L. If more accurate information about the stress-strain relationship for the weld material is
achieved, this information can be applied directly in the modelling of the FAD for level 3,
defined as Option 2 in PROFRAC.

In the assessment of the UFPC capacity of the weld due to longitudinal strain of the pipe, it is
assumed that there exist a semi-elliptical surface weld defect of depth a and total length 2c. In
the determination of the stress intensity at the crack tip, established empirical expressions are
applied to describe the stress distribution over the weld defect (geometry functions) for both the
membrane and bending stress distribution (Newman and Raju 1981).

The critical stress levels with respect to UFPC failure can be obtained from FAD analysis, for the
different pipelines as a function of the degree of corrosion wall-thickness reduction. The
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corresponding critical strain level is estimated using Ramberg-Osgood (1943) curve for the
stress-strain relationship.

6.7.3 Fracture of Corroded and Cracked Girth Welds

Corrosion of the weld material will lead to an increase in the stress level over the weld zone due
to reduced local thickness and stress concentration when the pipeline is exposed to longitudinal
tensile strain,

In a UFPC capacity modelling of the corroded weld due to longitudinal tension, it is assumed
that the weld defect is present together with the reduced wall-thickness of the weld due to
corrosion. Due to the high number of welds (weld lengths) being exposed to a similar high strain
level, the combined effect of having a surface weld defect and a reduced weld thickness due to
corrosion is considered realistic.

The thickness reduction due to corrosion is assumed only to affect the weld material, and not the
base material, causing a high stress concentration. The corrosion reduction of the weld material
will probably affect the weld only within the lower circumference of the pipe, but is for
simplicity in the modelling assumed to be evenly distributed around the pipe circumference. Itis
further assumed that the weld defect is a semi-elliptical surface crack (defect depth a, total defect
length 2c) located at the worst possible location with respect to the stress concentration,
independently of the degree of corrosion, see Figure 6-21.

1

a is the weld defect, ,d is the corrosion depth, 1 is the pipe wall thickness.
Figure 6-20 Corroded Girth Weld

The corrosion results in a material reduction in the weld zone and thereby a stress concentration
in the weld zone under longitudinal tension. To account for the stress concentration in the UFPC
analysis, a finite element analysis is carried out in order to determine the stress distribution over

the weld thickness.
~Z AN

=>\\~m~ +L

ey

Figure 6-21 Stress Distribution in a corroded girth weld.
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The stress distribution over the weld obtained from the finite element analysis is represented
through a combined membrane and bending stress distribution over the weld thickness. The
distribution of membrane and bending stresses are modelled in order to describe the stress
distribution over the weld defect depth as accurately as possible, as shown in Figure 6-21, The
stress magnification due to the shape of the weld will be insignificant due to relative large size of
the weld defect, and is neglected in the analysis.

The critical stress levels with respect to UFPC failure can be obtained from FAD analysis, for the
different pipelines as a function of the degree of corrosion wall-thickness reduction. The
corresponding critical strain level is estimated using Ramberg-Osgood (1943) curve for the
stress-strain relationship.

The UFPC analysis can be carried out considering the following parameters:
- stress-strain relationship of the pipeline material

- yield and tensile strength of the weld material

- CTOD value of the weld material

- depth of weld defect

- length of the weld defect

- residual stress
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7 FATIGUE OF CORRODED PIPELINES UNDER CYCLIC LOADS

7.1 Introduction

In this chapter, the fatigue analysis of the corrosion features {pitting and girth weld corrosion) is
described based on standard assessment methods PD6493 (BSI 1991). It is conservatively
assumed that the corrosion is crack-like.

The analysis adopts the following philosophy:

(1) The size of the largest defect, a; * 2¢y, tolerable at the maximum allowable operating
pressure (MAOPT) is determined.

(2) The initial size of defect, a; * 2¢;, which could extend by fatigue to a; * 2c¢in a given

' number of vears is determined using standard, accepted procedures (PD6493, 1991).
Note that a; and a, are initial and final defect depth, and 2¢; and 2¢; are initial and final defect
length.
The fatigue analysis is carried out using pressure cycling data (compressor station inlet and outlet

pressure fluctuation histories for a period} from the pipeline operator. Internal pressure cycle
spectra are determined from this data. The most severe pressure spectrum is selected for the

analysis.
The defect sizes (a; * 2¢¢) just tolerable at the MAOP are predicted using the following plastic
collapse failure criteria:
(1) Axial Defects: B31G
The failure of the pipe body corrosion defects in ductile pipeline is controiled by plastic
collapse mechanism and the critical defect size is associated with tensile properties.
(2)  Circumferential Defects: Kastner's Criterion

A corroded girth weld would not fail in a brittle manner because a severe notch (e.g. a
crack) is required to produce the conditions (particularly triaxiality) necessary for brittle
fracture and corrosion is not a severe notch. Therefore corroded girth weld would failure
by collapse mechanisms.
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7.2 Internal Pressure Fluctuation
Cyclic stresses corresponding to internal pressure fluctuations only are considered.

Defects in the axial direction are assumed to experience cyvclic hoop siresses:

Aoy =202 {(7.1)
2t
where
Ao = cyclic stress
AP = internal pressure fluctuation
D = pipe diameter
t = pipe wall thickness at girth weld location

Defects in the circumferential direction are assumed to be subjected to the corresponding axial
stress. The axial cyclic stress due to internal pressure is conservatively assumed to be 0.5 * hoop
stress (which is obtained for uarestrained pipelines):
A o= APD (7.2)
Cax=— =
Other types cyclic axial stress (e.g. due to environmental loads) should be added for the defects
in the circumferential direction.

7.3 Fatigue Assessment based on Fracture Mechanics
The fatigue calculations are performed by numerically integrating the Paris equation:

9 (AR 7.3)
dN
where
da/dN = fatigue crack growth rate (mm per cycle)
AK cyclic stress intensity factor
C,m fatigue crack growth rate constants
C = 2.3* 10" and m=3 according to PD6493 (BST 1991) for ferritic steels operating
in a marine environment at temperature up to 20°C assuming seawater entering the pipeline

i

it

and
AK = YAc vna 7.4)
where
a = crack depth
Y = geometry function dependent on crack shape and geometry
Ag = giress range
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The crack growth is found by integration of the Paris's equation. Substituting AK in the above
equation in Paris's equation, it is obtained that

f ; do {7.5)
(}’JEE

CAag™

where agand a; are the final and initial defect depths.
N is the number of stress cycles necessary to increase the defect from the entitle
defect size a; to the final defect size a;.

The above equation can be used to determine the final defect size, as*2cy, after any given period
of time by progressively calculating the crack extension due to a stress history. The initial size
of defect, a;*2c;, which could extend to a®*2c, in N years could also be determined.

In the following fatigue calculation examples are presented to illustrate fatigue assessment
procedures.

The geometry, material data for the pipe considered are:

- Outside diameter D=323.85 mm

- Wall-thickness t=5.56 mm

- Yield stress ©,=289.6 MPa

- Ultimate tensile stress ¢,=358.5 MPa

The MAOP for the pipe is 6.895 MPa.

Both longitudinal and circumferential surface corrosion defects are assumed. The burst strength
for the longitudinally corroded pipe is calculated using the B31G criterion {ASME 1993). The
maximum allowable axial stress for the pipe with girth weld corrosion is calculated using
Kastner (1981) formula. In the burst strength calculation, the flow stress is taken as 1.150,. The
following procedure is applied: '

- The maximum depth at MAOP is determined.
- Initial depth is determined from crack propagation calculations.

The corrosion defects are conservatively considered as crack-like defects.

Since the corrosion defects are considered as crack like defects, the growth is calculated by Paris
Equation. The Newman-Raju solution is used to calculate geometry function Y.
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Crack growth is calculated from the following load history (1 vear)

A (MPa) Number of

cyeles

200 6.2

175 0.3

150, 1

125, 25

100. 5

75. 25

50. 160

25, 500

The effective stress from this load history is
m m : 7.6
Ace_ﬂ' =(§:((AO’,,) Nn)/z:Nn) ( )
1t is assume that all stress cycles contribute to crack propagation. The hoop stress and stress in

the axial direction are calculated using Eq.(7.1) and Eq.(7.2) respectively.

The following tables give the calculated critical crack size at MAOP and the initial defect size
which grows to critical size during 100 years.

Longitudinal Defects
Initial Defect Size Critical Défect Size

ai*2ci af¥2cf

2.70*%10 3.15*%15.2
2.40*15 2.92%194
2322*20 2.17*23.9

1.90%40 2.53%43.1

1.77*60 2.42%62.8

170%80 2.37*82.6
1.66*100 2.33%102.5

Circumferential Defects

Initial Defect Size Critical Defect Size
ai*2ci af*2cf
3.46*100 5.08%112.2
2.85%200 4.61%209.8
2.55*400 31.90%406.6
2.39*%600 3.55%605.2
2,25%800 3.51*805.0

Page 101

Reference 1o part of this report which may lead to misinterpretation is not permissible.
25 Qetober 1995, ohb/3250blo rep



DET NORSKE VERITAS
INDUSTRY AS

Report No. 93-3637

PROPOSED STRENGTH EQUATIONS

8 PROPOSED STRENGTH EQUATIONS

8.1 Proposed Strength Equations for Longitudinally Corroded Pipes

According to B31G (ASME 1993), pits depth exceeding 80 % of the wall-thickness is not
permitted due to the possibility of a leak developing. From strength point of view, leak will not
develop until the pit depth is closer to the wall-thickness. The 80 % limitation is mainly due to
the fact that the accuracy of inspection tools is approximately 15-20 % of the wall-thickness.

If the ratio of maximum depth and wall-thickness, d/t, is between 10 % and 80 %, the following
evaluation should be performed.

(1) The Safe Maximum Pressure Level P’ is

pr =126 0t 1-0 AREA/ AREL, 3.1

Y D I1-M'AREA/ AREA,

where

P’ = Safe maximum pressure level

Ogow = Flow stress of the material

1 =  Wall-thickness of the pipe

b = Qutside diameter of the pipe :

AREA = Exact area of the metal lost due to corrosion in the axial direction through-wall-
thickness.

AREA, = Original area prior to metal loss due to corrosion within the effective area
which is L*t

= Defect length of corrosion profile

= Folias factor

Spiral correction factor

= Factor of safety

e predicted bursting pressure level Py isy P'.

= Factor of safety (needs to be calibrated). To obtain approximately the same
level of safety as the NG-18 equation a preliminary factor of 1.85 should be
used. This factor is derived as (1/0.72)-1.06.1.25=1.84, where o,=1.06-SMTS,
and SMTS/SMYS = 1.25 (X60). The 0.72 factor is from the hoop stress
formula.

-.-:;]-«a,ogr
iH

The safe maximum pressure level must be less or equal to the Maximum Allowable Design
Pressure, which is;

2-SMYS .t 8.2)

P= F

Where SMYS = Specified Minimum Yield Stress
F = Design factor which is normally 0.72
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2) AREA, spiral correction factor Q, flow stress oy, and Folias factor M is calculated as
follows:

{a) Effective Area AREA
-Complex Shaped Corrosion:
Two levels of AREA assessment are proposed:
(i) Level 1:
For L¥(Dt)<30: AREA=(2/3)Ld
where d is the maximum depth of corroded area
For L*(Dt)>30: AREA=0.85Ld

(if) Level 2 : To calculate the exact area (AREA) of the corrosion profile using Simpson
integration Method. ‘

b-a 8.3
AREA"~—‘“-E;zm[yﬂ+4y,+2y2+4y3+2y4-§—...+4y2”_‘,+yb]

in which 2n equal sub-intervals have been laid off on the x-axis (in longitudinal direction) by
a, Xy, Xg, .1, Xgpos D
and
Yo Y12 Y2 vos Youoto Yoo
are the respective ordinates(the reduction of the pipe wall-thickness) of these points.

-Closely Spaced Corrosion Pits:

A distance of t (Wall-thickness) is used as a criterion of pit separation for a colony of
longitudinally oriented pits separated by a longitudinal distance or parallel longitudinal pits
separated by a circumferential distance.

-Interaction of Longitudinal Grooves:
For defects inclined to pipe axis,

(a) If the distance X, between two longitudinal grooves of lengths L, and L,, is greater than
either L; or L,, then the length of corrosion L is L; or L, which ever is greater.

(b) Ifthe distance x, between two longitudinal grooves of lengths L, and L, is less than L, and
less than L,, then the length of corrosion L is the sum of x, Liand Ly, 1=L+L+x.

For two longitudinal grooves separated by a circumferential distance X, the wall-thickness t
could be used as grooves separation criterion.

(3) Spiral Correction Factor Q:

The spiral correction factor Q is
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oW (8.4)
o 3 r*QJ

in which W is defect width, and the coefficient Q; is a function of the spiral angle w (y=90" for
longitudinal corrosion, \;fmﬂg for circumferential corrosion):

QG = 0.2 for 00<\p<200
Q, = 0.02y-02  for 20°<y<60°
Q = 1.0 for y>60°

For W/t>32, the value of Q must be taken as 1.0.
{4) Flow Stress oy,

The flow stress oy, is ultimate tensile stress o, for pipes under pure internal pressure or
combined internal pressure and moderate tension. The effect of compressive axial stress can be
accounted for by reducing the flow stress based on von Mises yield function. Tensile axial stress
gives beneficial effect but the effect of tensile axial stress in negligible. If the ultimate tensile
stress is not known, its value can be taken as SMTS.

Consideration should be given to factors affecting flow stress, e.g. fabrication process (e.g. hot
rolled versus cold expanded), material ageing, possible size effect, installation process (e.g.
reeling) and possible cracks in corrosion defect bottom. Use of the actual value of the flow stress
is allowed, provided the value has been obtained through a reliable approach (e.g. material
testing of the pipe in situ etc.).

(5) Folias factor M
The Folias factor is estimated as for L*/(Dt) < 50

; S (8.5)
Mo g 251LI2) 0‘954(14;;2)
Dt (D¢ j
and for L*A(Dt) > 50
L’ (8.6)

M=0032=+33
D

(6) Correded Welds

Corrosion in submerged-arc seams (longitudinal welds) should be handled in the same manner as
corrosion in the body of the pipe. Corrosion in girth welds (circumferential) should be assessed
using the Kastner's local collapse criterion.

The level-2 (or Level-3) FAD (Failure Assessment Diagram) implemented in PD6493
{1991)should be applied for assessing corroded welds. The corroded groove could be considered
as a crack of the same depth and length. The effect of material's fracture toughness (in ductile
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and low toughness pipe) could be taken into account in the assessment procedure of the material
fracture toughness.

{7) Effect of Axial and Bending Loads

For corroded pipe under combined pressure, axial and bending loads, the flow stress in the
circumferential direction could be calculated considering the effects of the longitudinal stress,
using von Mises vield function.

(8) Safety Factor y

Traditional safety factors are given based on engineering experience and judgement. Within
RSTRENG projects (Kiefner and Vieth 1989, 1993), several modified B31G criteria and the
RSTRENG2 program have been developed. In all cases, the safety factor is assumed to be 1/0.72
= 1.39, as the original B31G criterion.

8.2 Proposed Strength Equation for Circumferentially Corroded Pipes

Since the length of a girth weld defect is very short (typically of pipe wall-thickness), its
influence on hoop rupture due to excessive internal pressure is negligible. The maximum
allowable operating pressure for pipes under pure internal pressure is calculated using B31G.

The Safe Maximum Axial Tensile Stress oax” is calculated using Kastner (1981) criterion

_ S N[R-B(1-n)] 8.7
X Yy An+2(1-n)sinf

O a

where
6ax = safe maximum axial tensile stress
Tow = the flow stress
d = defect depth
t = wall-thickness
n=1-di
¢ = half defect (circumferential) length
R = pipe radius
B = ¢/R (in radians)
y = Factor of safety
The predicted ultimate axial stress level is yo Ax -

For pipes under combined internal pressure and axial tension, Eq.(8.7) is also valid and the axial
stress is applied in the strength assessment. The influence of internal pressure on tensile strength
of pipes under combined internal pressure and tension is negligible.

Eq.(8.7) is also valid for pipes under combined internal pressure, axial tension and bending, and
the total axial tensile stress in the defect area is applied in the strength calculation.
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Strength of pipes under combined internal pressure and axial compression is dependent on the
type of loading. Strain (deformation) type axial compression has no influence on the burst
pressure. The interaction between internal pressure and ( stress) load type axial compression is of
von Mises type,

8.3 Comparison with the Test Database

Appendix A summarises test databases and the predictions due to alternative strength equations.
In comparisons the characteristic strength is applied (no safety factor is used in the burst strength
calculation).

8.3.1 Comparisons Between Strength Equations and the Test Database

The following figures show comparisons of alternative strength equations with the test database
(consists AGA Database, NOVA Tests, British Gas Tests and Waterloo Tests). The x-axis is
actual yield stress and the y-axis is the ratio of the tested burst pressure and the predicted

strength.

Figure 8-1 Comparison of The Proposed Equation with The Test Database

Figure 8-2  Comparison of The B3IG Strength Equation with The Test Database

Figure 8-3 Comparison of The NG-18 Strength Equation with The Test Database

Figure 8-4  Comparison of The Effective Area Strength Equation with The Test Database
Figure 8-5  Comparison of The 0.85dL Strength Equation with The Test Database

The B31G and modified B31G (Effective Area and 0.85dL) are applied exactly as stated in the
B31G manual (ASME 1993) and Kiefner's RSTRENG project reports (Kiefner and Vieth (1989,
1993)). The NG-18 equation are, however, used based on recent knowledge since no
standard/report describes how to use NG-18 equation. The difference between the NG-18
equation and the proposed equation is that in the NG-18 equation, flow stress is SMYS+10 ksi
and the Folias factor is calculated as B31G, Eq. (3.9), and in the proposed criteria the flow stress
is o, and the Folias factor is calculated as Eq.(8.5) and Eq.(8.6)

It must be indicated other uncertainties, such as measurement uncertainties etc., are to some
extent included in the comparisons and in the model uncertainty assessment. The actual COV
can be smaller than what we obtained in Table 8-1. However, it is difficult for us to exclude
measurement uncertainties from the experimental database.
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Figure 8-1 Comparison of The Proposed Equation with The Test Database
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Figure 8-2 Comparison of The B31G Strength Equation with The Test Database
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Figure 8-3 Comparison of The NG-18 Strength Equation with The Test Database
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Figure 8-4 Comparison of The Effective Area Strength Equation with The Test Database
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Figure 8-5 Comparison of The 0.85dL Strength Equation with The Test Database
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8.3.2 Comparisons Between B31G and the Proposed Strength Equation

The following figures show comparisons of alternative strength equations with the test database
(consists AGA Database, NOVA Tests, British Gas Tests and Waterloo Tests). The x-axis is
actual yield stress and the y-axis is the ratio of the tested burst pressure and the predicted
strength.

Figure 8-6  Comparison Between B3/G and Proposed Equation as a Function of SMYS
Figure 8-7 Comparison Between 831G and Proposed Equation as a Function of SMTS
Figure 8-8 Comparison Between B31G and Proposed Equation as a Function of o,

Figure 8-9  Comparison Between B3/G and Proposed Equation as a Function of d/t

Figure 8-10  Comparison Between B3/G and Proposed Equation as a Function of sz(Dt)

Note that the B31G is a lower bound equation and the proposed equation is a mean value
prediction.
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Figure 8-7 Comparison Between B31G and Proposed Equation as a Function of SMTS
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Figure 8-8 Comparison Between B3/G and Proposed Equation as a Function ofo,
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8.3.3 Comparison with All Available Tests

A model uncertainty parameter X, is defined as

(8.8)

Xy
Xmemw

X prep

where Xpyg is the real strength and Xpgep, the capacity predicted by a given criterion. Xqgyg 13
usually determined by laboratory tests or e.g. refined finite element analyses.

Table 8-1 shows the obtained statistics. In the table n is number of tests, u and o° denote mean
value and standard deviation for X, respectively.

Table 8-1 Statistics for Different Strength Equations and Test Databases

B31G  NGi8 B31G B31G Proposed
Eff Area  0.85dL
n AGA Database 36 86 86 36 86
NOVA Tests 20 20 20 20 20
British Gas Tests i8 18 18 18 i8
U.Waterloo Tests 27 27 27 27 27
Total 151 151 151 151 151
B’ AGA Database 2.01 1.24 1.22 1.67 1.09
NOVA Tests 1.59. 148 1.45 1.35 122
British Gas Tests 1.33 1.24 1.23 112 0.98
. Waterloo Tests 1.37 1.39 1.35 1.25 0.92
Total 1.76 130 1.27 1.49 1.07
o AGA Database 1.26 0.06 0.06 0.31 0.04
NOVA Tests 0.13 g.10 0.10 0.07 0.04
British Gas Tests 0.21 0.02 0.02 0.17 0.01
. Waterloo Tests 0.17 0.07 0.05 0.08 0.04
Total 0.78 0.06 0.06 022 0.04
cov AGA Database 0.56 0.20 020 0.33 0.19
NOVA Tests 023 0.22 0.22 0.20 0.17
British Gas Tests 0.35 0.11 Q.10 0.36 0.10
U . Waterloo Tests 0.30 4,19 0.17 0.22 0.21
Total 0.50 019 0.19 0.31 0.18

Maodel uncertainty is due to imperfection or idealisation of a particular physical or analysis
model, given that all the parameters entering the model are known in advance. Therefore, model
uncertainty does not included any parameter uncertainty (which is uncertainty associated with a
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particular random parameter). The model uncertainty parameter Xy, as defined, is introduced in
order to account for modelling and methodology uncertainties and reflects a general confidence
in the applied analytical modelling to describe a real life in-situ scenario.

it is at present assumed that the test results are associated with negligible measurement errors and
with 2 very high confidence in modelling the real life scenario,

The mean value (MEAN) and coefficient of variation (COV) of the parameter Xy, achieved for
the alternative strength equations are shown in Table 8-1.

It is also shown that the obtained model uncertainty statistics are largely dependent on the test
database used.

AGA database show large scatter.
The agreement between Tests and predictions is good for tests by British Gas, U. Waterloo.
The model uncertainty is then assessed using all available test data.

8.4 Maximum Allowable Depth/Area for Longitudinal Corrosion

8.4.1 Maximum Allowable Defect Depth and Length According to B31G

According to B31G (ASME 1993), the term MAOP represents maximum steady state operating
pressure for pipeline within the scope of ASME B31.4 and ASME B31.11 and maximum
allowable operating pressure for pipelines within the scope of ASME B31.8. If the established
MAOQP is equal to or less than P’, the corroded region may be used for service at the MAOP. Ifit
is greater than P’, then a lower MAQOP should be established not to exceed P’, or the corroded
region should be repaired or replaced.

In the B31G, a criterion for the acceptance corroded length is given as below for a corroded area
having a maximum depth 'd’ of more than 10 %, but less than 80 % of the nominal wall-
thickness.

Lnﬂuw = ]x ]28 v Dt {8-9)

and where a constant 'B' is calculated using

2
P (_,.ﬂ,____] N
1I1d/t-0.15

B may not exceed the value 4.
Equating the Safe Maximum Pressure Level P” to the Design Operating Pressure Py, the
Maximum Allowable Corrosion Depth d ., can be calculated from the B31G criterion

(8.10)
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(a)ForA<4
{ P ‘g 8.1
P é s
allaw 2 % ;’ }}}) E
LOLIP ,'f-i-ij
(b)ForA>4
pD) (8.12)
o = 1- t
da.i’i ( ]]P

in which the constant 'A’ is given by 0.893L/(Dt)"”.

8.4.2 Maximum Allowable Defect Area and Length (proposed criteria)
The maximum allowable defect area and length according to the proposed criterion are given in
this section,

The Maximum Allowable Design Pressure P is

13
P=F%SMS (8.13)

where F is the usage factor for intact pipe (which is 0.72 according to DNV (1981) pipeline
rules).Equating the Safe Maximum Pressure Level P~ to the Maximum Allowable Design
Pressure

120 pout 1-QAREA/ AREA - 2 Gurvs (8.14)

Y D I-M'AREA/ AREA, D

we may obtain the Maximum Allowable Effective Area AREA,,, as

SMYS (8.15)

Fy
AREAaﬂow - I fow

AREAs g, SMYS 0
T flow

in which v is the safety factor used in the proposed residual strength criterion.
The Maximum Allowable Length L., is for My, < 4.9

{8.16)

La}!csw -

!1.255 m }( 1.255 } (- M;agry) i
V00135 V\0.0735) "T00135 7 4

Page 120

Reference to part of this report which may lead to misinterpretation is not permissibic,
25 Ocrober 1995, ohb/4250bko rep



DET NORSKE VERITAS
INTHARTRY AS

Report No. 93-3637

PROPOSED STRENGTH EQUATIONS

and for M., > 4.9

Lattow = | (Muton - 3.3)/ 0032 Dt - (8.17)

in which My, is again solved by equating the Safe Maximum Pressure Level P 10 the
Maximum Allowable Design Pressure:

8.18
Fy SMYS (8.18)
Maﬂaw = UﬂagMYS
0+ AREA:;( p i 1}
AREA Gﬂow
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9 PROCEDURE FOR RELJIABILITY-BASED CALIBRATION

8.1 General

In order to calibrate safety factors using reliability methods, it is necessary to make adeguate
uncertainty measures of model uncertainty, load uncertainty and parameter uncertainties.

To quantify the model uncertainty of limit states, different experimental databases have been
compared with limit state functions. Mean values, COV and distribution function are to be
proposed based on these comparisons. Load uncertainty is based on an medification to the value
published by Sotberg and Leira (1994).

Parameter uncertainties concerning corrosion depth, length and area are estimated based on
accuracy of inspection tools and future corrosion prediction. For instance a defect depth used in
a residual strength assessment of internally corroded pipes is the sum of the defect depth from the
plggmg inspection and the increased depth calculated from future corrosion prediction by use of
previous inspection results and a corrosion-rate formula

d(used in strength calculation) = d(from pigging)+ d(future growth) 9.1)
where

dppgp =  d(used in strength calculation) = The value used in a strength calculation using a
residual strength criterion

d, =  d(from pigging) = The estimated corrosion depth at the time when the pipe is
inspected

dy =  d(future growth) = The estimated increase of the corrosion depth, until a date the
pipe is re-qualified, based on e.g. application of deWaard and Milliams formula
{Shell formula)

The uncertainty associated with the estimation of corrosion depths is calculated using

(9.2)

dmue _ _dmug

Nao=
deagp  dptds

In order to reasonably estimate statistical values of X, an assessment of the methods of pigging
inspection and future corrosion prediction is necessary.

9.2 Safety Philosophy

9.2.1 Allowable Stress Format vs. ULS Design
Traditionally, an allowable stress format has been used as

{9.3)

FS >ZQ’"
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where
R, = Normal strength as given by an equation in a specification
D = Load effect {i.e. a computed stress or a force such as bending moment, shear
foree, axial force, ete.) determined from e.g., live load, dead tead, wind locad, etc.
F.8, = Factor of safety
or
nNR.22.0, 9.4

1 = Usage factor

Limit state design methods provides engineers with rational tools for achieving consistent levels
of safety in the design of structural components. A partial safety factor approach (adopted in e.g.
DNV rules) is

R» (®.5)
—=227,0,
where v = Load factors by which the characteristic loads are multiplied to obtain the
design loads
VYo = Material factor by which the characteristic strength Rn is divided to obtain
the design strength

When the material factor y,, is replaced by a resistance factor ¢ (=1/yn), this equation leads to
LRFD (Load and Resistance Factor Design) format {adopted in e.g. API LRFD rules for fixed
offshore platforms).

In general, the factor of safety F.S.>1.0, n<1.0, $<1.0, ¥i>1.0 and y,,>1.0, all serve the same
purpose: to account for the uncertainties inherent in the determination of the nominal strength
and the load effects due to natural variation in the loads, the material properties, the accuracy of
the theory (knowledge uncertainty) etc. Their values are to be calibrated so that the implied
safety level of a structure has a failure probability close to a target failure probability Pyr.

9.2.2 Mean Value versus Lower Bound

The B31G criterion was established based on lower bound formulae and the present proposed
criterion is a mean value formulation. Lower bound equations should be replaced by mean value
predictions for the following reasons (Faulkner et al 1987),

(a)  lower bound equations give less consistency than mean value predictions do so far as
reliability is concerned, especially where the sample size of validating test data is small.

(b} matching strength equations to weak test data will inevitably ignore the majority of the data
which in turn is most relevant for the more likely levels of imperfection {(defects).

{(c) the very nature of predictions should be that on average they have the highest probability
of being correct,
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(d) for in-service assessments, design code equations are frequently used and by their natare
lower bound expressions will have a higher probability of being wrong.

Alternatively, for the same reasons, median values or mpm {most probable maximum} values in
extreme value predictions can be applied.

9.3 Inspection Tools

Inspection and testing will give important information on the status of the pipeline systems. The
inspection results should be used with care when checking the residual strength of a pipeline
system. Different inspection tools may give different results, both with respect to type of
incidents reported and also the accuracy of information. The intelligent pigs are outlined in (1) -
(3) and their accuracy is discussed in (4).

1. Magnetic Flux Leakage (MFL) pigs

The magnetic flux leakage technique consists of rings of permanent or electromagnets mounted
on the pig body and in contact with the wall through a system of steel brushes. The magnet rings
are the north and south poles which, when in contact with the pipe wall establish a magnetic field
through the pipe wall. Any defect in the pipe wall between the poles will cause a disturbance or
flux leakage in the magnetic field. Sensors supported on the pig body are located between the
poles and detect any disturbances in the magnetic field. The magnetic flux leakage is measured
by the sensors and recorded for later evaluation. The flux leakage technique is an interpretative
measurement as opposed o a calibrated measurement. As such, the resuits are totaily dependent
on the interpretation of the recorded magnetic flux leakage signal.

An advanced MFL pig can generally detect the following types of defect and features:

- pitting corrosion

- general corrosion

- circumferential and transverse orientated defects

- girth welds

- valves, tees, taps, bends

- CP attachments

- discriminates between internal and external metal loss

Typical limitations for MFL pigs are:
- Pipe diameter/pig size: between 6" (152.4 mm) and 48" (1219.2 mm)
- Maximum pressure:  between 70 and 207 bar

- Temperature: Maximum between 40 and 70 °C, Minimum between -17 and+4 °C
- Pig speed: Maximum between 0.25 and 4.4m/s, Minimum between 0.2 and 0.5 m/s
- Wall thickness: between 38 and 3 mm
- Minimum bend radius: usually 3D and in some cases 4D
- Pipeline length: between 200 - 300 km and up to 500 km
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2. Ultrasonic (US) pigs

The ultrasonic pigs employ the pulse-echo technique of ultrasonic to measure wall thickness.
The transducers transmit and receive acoustic pulses. The transducers are set in the pig away
from the inside wall surface, at a so called stand-off distance. When the acoustic puise meets the
inside pipe wall surface a fraction of the energy will be reflected and the remainder will pass indo
the steel.

At the outside wall surface another acoustic reflection will occur. The transducer detects both
reflections and calculates the wall thickness which is proportional to the difference in the
duration of the two incoming pulses. With correct calibration of the transducers direct wall
thickness measurements can be obtained. This technique also allows for discrimination between
metal loss on internal and external pipe wall surface.

All ultrasonic pigs require a good acoustic conducting medium between sensor and reflective
interfaces. A homogeneous liquid is a suitable medium. A gas or a multiphase liquid is not
suitable as the acoustic signal will not propagate in a gas without attenuating significantly and a
multiphase liquid will not allow precise calibration of the transducers.

An advanced US pig can generally detect the following:

- internal and external corrosion

- metal loss

- girth welds

- laminations

Typical limitations for US pigs are

- Pipe diameter/pig size: between 2" (50.8 mm) and 54" (1371.6 mm)
- Maximum pressure:  between 100 and 138 bar

- Temperature: Maximum between 45 and 60 °C, Minimum between -10 and +4 °C

- Pig speed: Maximum between 1.0 and 4.4m/s, Minimum between 0.2 and 0.5 m/s
- Wall thickness: between 50 and 4 mm

- Minimum bend radius: usually 3D

- Pipeline length: up to 200 km

Detection accuracy varies, but typically it can be said that UT pigs specify features to within
10% of the wall thickness while MFL pigs specify features to within 20% of the wall thickness,

3. Eddy Current (EC) Pigs

EC pigs are relatively new on the market and have a potential for future use. As the name
suggests, eddy currents set up by magnets on the pig, travel along or near the surface of the pipe
wall and are detected using hall and coil sensors. This technique allows for the very accurate
sizing of internal surface corrosion, to less than | mm, thereby permitting internal corrosion
meonitoring 1o be performed from early in the pipeline's life.

EC pigs can also detect surface cracking in the circumferential direction. As stated above, the
tool employs Eddy Currents to permit the detection of the cracks.
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4. Accuracy and Sensitivity of Pigs

The accuracy, limitation and sensitivity of the different MFL and US pigs vary considerably and
therefore care needs to be taken when choosing an intelligent pig. One of the most important
requirements when using intelligent pigs for pipeline condition monitoring is the pigs ability to
provide repeatability, 1.e. the ability to reproduce identical resuits from successive inspections in
order to be able to identify defect development trends.

Typical accuracy and sensitivity for detection of different defects are given in Table 9.1 for
magnetic flux pigs and ultrasonic pigs '

Table 9-1 Typical Defect Identification and Sizing for MFL and US pigs

Feature Parameter 2nd generation US pig
MFL pig
Pitting corrosion depth Accuracy +H-01T-0.2T A+ 0.5-1 O
Size >=2T
General corrosion depth Accuracy +-0.1T-0.15T
defect sizing accuracy Axijal
Circumferential
circumferential gouging Accuracy +-0.15T-0.2T
Size >=3T
axial gouging Accuracy +/-Q1T-0.2T
Size >=2T
axial location +H-1.5m +i- §.2m-4.3m
circumferential location +- 5 deg, +/~ 10-15 deg.
Notes: 1} T = nominal wall thickness
2) Blank box means no rehiable information is available
3) All data are manufacturer supplied

It is generally accepted that US pigs are more accurate than MFL pigs for sizing of features but
MFL pigs are better at detecting the full range of features.

9.4 Future Corrosion Prediction

External corrosion is efficiently prevented by the use of cathodic protection in combination with
multi-layer coatings. For pipeline risers in the atmospheric/splash zone, external corrosion due
to coating damage is a failure mechanism.

Internal corrosion is dependent of the containment as below:

1. Unprocessed Well Fluid

Unprocessed well fluid will always contain certain amounts of liquid water. Carbon dioxide,
being a normal constituent of well fluid, will be dissolved in the water phase rendering it
corrosive 1o ordinary CMn-steel line pipe material. Stainless steel linepipe or cladding, on the
other hand, is fully resistant to CO»-Corrosion.

Page 126

Reference 0 part of this report which may lead to misinterpretation is not permissible.
258 Detwber 1995, ohh/S25%0blorep



DETNORSKE VERITAS
INDUSTRY AR

Report No. 93-3637

PROCEDURE FOR RELIABILITY-BASED CALIBRATION

At very high flow rates leading to annular flow, the water phase may become evenly distributed
over the pipe surface. This will lead to a uniform corrosion attack, most probably combined with
circumferential grooving of girth welds (girth weld corrosion).

COy-corrosion of CMin-stee] pipelines can be controlled by the injection of corrosion retarding
chemicals. The efficiency of such measures is verified by in-situ inspection while special probes
and chemical analyses may be applied for control of the injection.

For CMn-steel pipelines carrying unprocessed hydrocarbons, any prediction of future corrosion
should primarily be based on results from previous inspection by instrumented pigging. When
estimating the future degradation, results from two or more pigging operations relatively recent
in time (e.g. 0-5 years) should preferably be available. This will allow more accurate predictions
by extrapolation of corrosion rates into the period of extended life. If such inspection data are
available, the remaining life, can be assessed with higher certainty than was possible when
estimating the initial life at the design stage when no experience data were at hand.

If economic and/or safety considerations based on inspection data indicate that the probability of
achieving the extended life is not sufficiently high, then a chemical treatment program for
corrosion control may be implemented (or modified if already applied). A prediction of future
corrosion based on chemical injection, which would be an alternative to the installation of a new
pipeline, should be based on a reliability analysis in which the estimated efficiency of the
chemical treatment is expressed in probabilistic terms.

Shell has developed a prediction formula for CO,-corrosion in gas/condensate systems
("deWaard/Milliams formula") (deWaard and Milliams 1975). This formula gives a relation
between corrosion rate of "C-steel” and the temperature and CO,-partial pressure of the gas
phase. It has been widely used for predicting the corrosivity of gas/condensate flowlines during
the initial design. For existing pipelines, experience data from pigging operations will give more
reliable predictions of future corrosion. However, if major changes in CO,-partial pressure and
temperature during the remaining life are expected, then these may be taken into account by
"calibrating” the Shell formula against inspection data.

The Shell formula (deWaard and Milliams 1975) is

1710 ©9.6)
+0671 -
34T 0.67 log ( Pees)

log V,p=35.8-

where

Vcorr = the corrosion rate (mm/year)

T = the temperature (OC)

Pro; = the partial pressure of CQ, (bar)
The selection of physical parameters to be used in the basic CO,-corrosion rate prediction
according to deWaard et al (1991) and deWaard and Lotz (1993), does not normally involve any
major uncertainties. The CO,-content of reservoir fluids can be accurately determined during
early well testing. Temperature and total pressure can usually be treated as deterministic
parameters using design or maximum operating values.
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Figure 9-1 shows the probability distribution assumed for model uncertainty X_,,.., related to
pitting corrosion and longitudinal grooving respectively. A Weibull distribution (W(}, COVY)
with mean value p and COV has been selected for both damage models (Sydberger et al 1995).
For the maximum pitting corrosion in any of the circumferential girth welds, 2 W10, 045
distribution model is assumed such that the predicted vaiue for V,,, based on Shell formula
represents a 50% probability. For the probability distribution for longitudinal corrosion
grooving, a W(0.4; 0.8) model is assumed such that this corresponds to a 90% probability that
Shell formula prediction will not be exceeded at any point of the pipeline.

In Figure 9-2, a number of probability density functions for the inhibitor efficiency factor 1 is
presented (Sydberger et al 1995). A Weibull distribution is applied for all cases with the
distribution parameters estimated from engineering judgement and experience. The solid curve
corresponds to a probability distribution where there is a 50% probability than an 85% efficiency
is achieved. The other lines represent decreasing efficiencies down to 70% (with a 50%

probability),

200 i

Probability density function

o
3
i

300

Figure 9-1 Assumed Model Uncertainty for Shell Formula at T=60"C, P =2 bar
described as Probability Distribution for V , (real)/V_, (Pred.) (From Fig.2
of Sydberger et al 1995)

Page 128

Reference 1o part of this report which may lead to misinterpretation is not permissible.
25 Gober 1995, obb/5256bl0 op



DT NORSKE VERITAS
INDUSTRY AR

Report No. 93-3637

PROCEDURE FOR RELIABILITY-BASED CALIBRATION

(\\{ inhibitor Efficiency

e D200}, PHOLY) = 5% afficiency
300 D oww e WIO250.8), P05 = B1% officlency
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Figure 9-2 Probabiiity Distributions for the 5 Cases of Inhibitor Efficiency(From Fig.3
of Sydberger et al 1995)

The predicted future growth of corrosion depth d,is thus
df= Vcan-'t'Xmod'n (9'7)

2. Processed/Semi-Processed Qil

Stabilised crude oil, whether fully processed or semi-processed, will contain certain amounts of
dispersed liquid water, and CO,-corrosion may proceed. However, another relevant corrosion
mechanism is bacterial corrosion, primarily by sulphate reducing bacteria (SRB). These may
enter the pipeline via an upstream processing system.

CO,-corrosion and bacterial corrosion may be controlled by injection of corrosion inhibitors and
biocides respectively. However, such chemical treatment is normally to be combined with
periodic cleaning by running special pigs through the pipeline. This is to remove various debris
from the pipe wall which would otherwise retard the efficiency of such chemicals.

Bacterial corrosion as well as CO,-corrosion in crude oil pipelines will occur as scattered shallow
pits. Girth welds may become attacked preferentially.

Future corrosion prediction should preferably be based on inspection data. However, if the
pipeline has been frequently cleaned by pigging, and these operations have confirmed that there

Page 129

Reference to part of this report which may lead 1o misinterpretation is not permissible.
25 October 1993, ohb/3250blo rep



T BORSKE YERITAS
BIILSTRY AS

Report No. 93-3637

PROCEDURE FOR RELIABILITY-BASED CALIBRATION

has been no separation of water in the pipeline, in-situ inspection may not be required. Itis
anticipated that the pigging program is continued during the extended life.

3. Processed (Dry) Gas

Processed gas (Export Gas) may be considered non-corrosive to Chin-steel pipelines provided
that water has been removed so that the dew point is maintained well below the minimum
operating temperature. However, liquid water or insufficiently dried gas may enter the pipeline
due to processing up-sets or deliberate by-pass of the drying facilities. As the export gas will
normally contain a significant amount of CO,, corrosion damage may then oceur.

Any corrosion attack will be confined to the "6 o'clock” position, as scattered shallow pits or
grooves. Welds will be preferentially attacked. The cotrosion during a period when liquid water
persists may be estimated by means of the Shell formula mentioned above,

In case there are reasons to assume that a pipeline for dry gas has been operated under "wet"
conditions for a significant period of time, then future corrosion prediction should be proceeded
by an instrumented pigging to determine any corrosion damage.

4. Treated Seawater/Produced Water

Subsea pipelines for remove water injection are normally fabricated in CMn-steel linepipe as for
hydrocarbon pipelines. Corrosion damage has been reported as circumferential grooving at girth
welds and scattered pitting along the pipe. Pitting attack has been related to bacterial corrosion,
while the circumferential girth weld corrosion may be caused by residual contents of oxygen or
active chiorine. It has been suggested that the preferential weld corrosion is enhanced by
galvanic interactions between the base material and weld metal/heat affected zone.

The potential corrosivity of any produced water for re-injection can be assessed by means of the
Shell formula, provided that CO,-content of the water is re-calculated to the equilibrium partial
pressure of CO, in a hypothetic gas phase. The corrosion in treated seawater due to bacterial
corrosion is not suitable for quantitative mathematical modelling.

In the case of corrosion due to residual contents of oxygen or active chlorine, corrosion under
full mass transfer control can be calculated quantitatively if corrosion had occurred as uniform
attack. However, practical experience show that corrosion damage will occur as preferential
weld corrosion, probably due to galvanic effects. There are no models available for a
quantitative description of such corrosion.

9.5 Reliability-based Calibration of Safety Factors

Tn the following, a calibration study is presented to illustrate an application of structural
reliability methods.

Level of the reliability methods refers to the extent of information about the structural reliability
problem that is provided and used. According to DNV Classification Note No.30.6 (DNV 1992},
the levels of reliability methods are defined as:
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- Level 1 methods are deterministic reliability methods that use only one "characteristic"
value to describe each uncertain variable., e.g. LRFD format.

- Level 2 methods are reliability methods that use two values to describe each uncertain
variables, i.¢., its mean and variance, supplemented with 2 measure of correlation between
the variables, usually the covariance, ¢.g, the first-order and second-moment method.

- Level 3 methods are reliability methods which use the joint probability distribution of all
the uncertain variables to describe these variables, e.g FORM/SORM and Monte Carlo
simulations,

- Level 4 methods are reliability methods that compare a structural prospect with a reference
prospect according to the principles of engineering economic analysis under uncertainty,
e.g. a decision analysis considering cost and benefits of construction, maintenance, repair,
and consequences of failure,

9.5.1 Failure Probability Computation

A limit state function is defined such that it has a positive value when a pipeline is safe with
respect to the failure mode and that it has a negative value when the pipeline fails by this failure
mode. An overline is associated with the vector x in the limit state function to indicate that the
vector is a set of random variables (uncertain parameters) describing the limit state, and the
failure probability is defined as

Pr=Pg(x)<0) ©.9)

To compute this probability where exact integration is generally infeasible, the First and Second
Reliability Method (FORM/SORM) implemented in the probability analysis program PROBAN
(Tvedt 1993), may be applied.

Details of FORM/SORM are available from standard text book, e.g. Madsen et al (1986). The
procedures are summarised as below:

(1) To define an analytical limit state function,

(2) To evaluate uncertainty measures for the random variables involved in the limit state
function, using probabilistic distributions,

(3) To transform the basic random variables into a vector of independent standard normal
variables,

(4)  To approximate the limit state function in the transformed space into a hyperplane
(FORM), or a hyper-paraboloid (SORM),

(3)  To compute the failure probability Py corresponding to the approximate failure surfaces by
finding the point in the failure set with the largest probability density (FORM) and also
accounting for the limit state surface curvature at this point (SORM).

The reliability index B is related to the failure probability P; by
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=-@(p,) (9.9)

where O ) is the standard normal distribution function.

9.5.2 Procedure for Calibration of Partial Safety Factors

The objective is to use the results of the above Level 3 reliability analysis to develop a load and
resistance factored design (LRFD) equation where bursting is taken as the failure criterion. This
includes the following items:

¢ Specification of a target safety level.

* Specification of characteristic values for the variables.

» Calculation of Partial Safety Factors.

¢ Performuing a safety check, formulated as a design equation, utilising the characteristic values
and partial safety factors.

Such a design code equation is often referred to as a Level 1 reliability method.

The values of the partial safety factors must be calibrated to ensure that a design based on the
design equation satisfies the safety level in terms of a considered target probability of failure.

The partial safety factors should be calibrated covering most of the desi gn {operation) scenario as
below:

* Formulation of limit state function based on the proposed design criterion

* Specification of characteristic values for the deterministic variables.

* Specification of the random variables including, characteristic value, mean value, COV and
distribution type.

» Performing a reliability analysis, to obtain annual failure probability corresponding to each
assumed set of partial safety factors for the design scenario considered, which cover most of
the practical design cases.

e Evaluation of the partial safety factors corresponding to the target annual probability of
failure.

9.5.3 Target Reliability

When dealing with reliability analysis of structural systems, an appropriate safety level in a given
reference time period and for a given reference length of the pipeline should be selected; referred
to as a target reliability level. The target reliability level should be evaluated based on
information about the safety level implied by past and present rules and compared with historical
data on reported failure. The comparison shall be done with due considerations to the fact that
the observed failure rates include gross errors and the structural reliability does not.

Furthermore, it should be related to the consequences of failure and failure type as well as the
effect of inspection and repair. For pipeline operation, the target reliability is dependent of many
factors e.g.:
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+ Consequence of failure

» Pipeline location

» Pipeline contents

The target safety level for dented and corroded pipeline should be defined in the same level as
undamaged pipeline. The target safety level to be applied 1o the refined criteria need to be
evaluated considering the implied safety level in the existing criteria. However, in the present
calibration, an annual target reliability of 10~ (safety index $=3.71}, is adopted according to
DNV classification notes (DNV 1992),

In general it is recommended that the reference length refer to the entire pipeline length. This
requires consideration of the correlation from load, capacity and model uncertainties between
individual failure element. At present, only one failure element is considered corresponding to
full correlation.

In this study, an annual value of reliability is applied in the assessment of target reliability and
reliability calculations.

9.5.4 Design Equation and Limit State Function

For the sake of simplicity only internal pressure is considered. The partial safety factor approach
leads to

P2y P (-10)

where P, = Characteristic strength of the pipe according to a criterion
Py = Characteristic load (internal pressure)
Y*Yi¥m Which may be referred to as an overall (partial) safety factor. v is equivalent to the
factor of safety F.S or the inverse of usage factor .

A model uncertainty parameter Xy, is introduced to reflect the confidence in the criterion for
prediction of burst strength:

.. lrue burst strength (9.11)
M predicted burst strength

Normalised random variables are defined as

e P (9.12)
" 2sMTS

” (9.13)
Xr= 2 Jow
SMTS

_ AREA 9.14)

! AREA, '
Page 133

Reference to part of this report which may lead to misinterpretation is not permissible.
25 Qctober 1995, ohb/5250bi0rep



DET NORSKE VERITAS
INDUSTRY AS

Report No, 93-3637

PROCEDURE FOR RELIABILITY-BASED CALIBRATION

_ 9.1%)
XL D

ot 8.16)
X==

The design equation for pipeline in operation, based on the proposed strength equation for
longitudinal corrosion, is given by for L¥/(Dt)<50

1 I- X4 (9'17)
feed - ow.Y o /. - 20
y e T 06275 %, 0003375 L X
and for LY/(Dt)>50
; I x, . (9.18)
Ly “X»20
7 X X’I~(0.032XL+3.3)"X,4 Xr

The limit state function is for L/(Dt)<50

I-x, 9.19)
T X
1-(1+0.6275 x,-0.003375 x2 )" x,

g(;)z XX pow Xy

and for LY(D1)>50

I-x, (9.20)
7 'X}’
1-(0032x,+33)" x,

g(})m XMXﬂuer

9.6 Uncertainty Measures

9.6.1 Uncertainty Modelling

Pipeline operation should be based on a rational treatment of the uncertainties in the loads,
geometric and material parameters and models governing the structural collapse.

The probability distribution for a random variable represents the uncertainty of the variable. The
results of a reliability analysis may be very sensitive to the tail behaviour of the probability
distribution applies, implying that a proper procedure for the choice of distribution is required.

The process of establishing a probability distribution for a stochastic variable is:
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{1) Collect experimental data (sample of measurement)
(2) Estimate sample statistics

The Method of Moment (MoM) can be appiied to evaluate distribution parameters by assigning
analytical moments 1o the sample moments, Usually estimates for the four moments estimators
are applied as below:

the mean value

pels (9.21)
n 7

the standard deviation

oi= 4 S(x- 11 f (9.22)
n-1

the coefficient of skewness

(sl uy)
& ((H'I)(H“Z)Z(xt ﬂ)})/c

the coefficient of curtosis

( n-2n+3 J(,Zn-_?)(n..]))/ . (9.24)
—|/c

(9.23)

(n-1)(n-2)(n-3) Lxi-p )+ o nn-2)(n-3)

where n 1s the number of observations,

{3) Chose Distribution Models
Some of the distribution used in this report are:
Hermite Model

The Hermite distribution model is based on the four lowest statistical moments. It may e.g. be
used with care to model weakly non-normal behaviour, see Winterstein {1988).

Gumbel Distribution
The Gumbel distribution is called the type I asymptotic distribution of the largest extreme used to
model extreme values of variables which have initial distributions of the exponential type, see

Madsen et al (1986).

Normal Distribution
The normal distribution is due to the central limit theorem widely used to describe linear physical
phenomena as well as additive independent errors.
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Lognormal Distribution
The lognormal distribution is one of the most widely used distributions to model resistance

variables where the information is Hmited.

Mean value, coefficient of variation are specified for the chosen distribution parameters.

(4) Verify Fitted Distribution Parameters

A verification may be performed by plotting both the empirical and the fitted distribution
function in a quantile plot or in a plot constructed so that the fitted model appear as a straight
line.

9.6.2 Model Uncertainty

For a small amount of data available, the distribution parameter estimates can be uncertain
themselves. This is called statistical uncertainty of the probabilistic distribution parameter. The
statistical uncertainty is a function of the type of distribution fitted, the type of estimation
technique applied, the value of the distribution parameters and the amount of underlying data.

A measure of the statistical uncertainty is established using simulation techniques

(bootstrapping) (Efron and Tibshirani 1986) by use of the maximum likelihood method, linear

least square regression, as below.

1. A set of parameter values is determined by fitting to the set of n test results by the Method
of Moment (MoM).

2. These parameter values, and samples of # outcomes of the parent parameter values, and
samples of n outcomes of the parent probabilistic distributions are generated.

3. For each sample, new parameter sets are estimated by MoM. The statistics of the sets of
parameter values can then be established.

4.  The resulting distribution including statistical uncertainty is then finally obtained from
simulation.

5. A Hermite model (Winterstein 1988) is applied using the simulated 4 lower moments. A
Hermite model with the 4 lower moments equal to 1.07, 0.19, 0.46, 3.0 respectively is
applied for the model uncertainty. The mean bias, COV, skewness and curtosis for the
Hermite mode! are estimated.

9.6.3 Load Uncertainty

The characteristic value of the normalised operating pressure Xp is obtained by substituting
safety factors, characteristic values of the other parameters into the design equation.

In general, the annual maximum operating pressure is higher than the nominal operating
pressure,
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9.6.4 Parameter Uncertainties for Flow Stress to SMTS Ratio

In general flow stress oy, is approximately ultimate tensile strength of the material G, as
discussed previously in this report. The ultimate tensile strength is defined as the stress at which
the material loses its ultimate load-bearing capacity. The Specified Minimum Tensile Strength
{SMTS) is defined as a statistical minimum of the ultimate tensile sirength. The value of
o,/SMTS is largely dependent of the steel grade and influenced by the pipe maker.

A random variable Xg,,, is defined as follow

(9.25)

X — Gﬂow - Ty
! SMTS  SMTS

Uncertainty in Xg,,, is actuafly dependent of the material grade (SMYS or SMTS), pipe producer.

In the present project, a mean value, COV and distribution function are obtained from the
experimental database in Appendix A.

In burst strength assessment within engineering re-qualification projects, material properties in
longitudinal direction are usually used. Actually bursting of longitudinally corroded pipes is
hoop collapse.

9.6.5 Parameter Uncertainties for Pipe t/D

The diameter D is considered as a deterministic parameter. The wall-thickness is assumed a
normal variable with small COV.

9.6.6 Parameter Uncertainties for Corrosion Depth, Length and Area

In an assessment of existing corroded pipe, the remaining strength of the corroded pipe at the
time being inspected is estimated considering the accuracy of the inspection tools. However, the
residual strength criteria are also applied for the determination of the residual strength of the pipe
in the future, until the end of its design/redesigned life limit. Therefore when parameter
uncertainties are considered for corrosion depth, length and area, the conservatism introduced in
pit separation, the inspection and future corrosion prediction should be taken into account.

Normalised Defect depth X,
The normalised defect depth X is defined as

Xi=d/t {9.26)
The normalised defect depth X, is influenced by:
() Pit separation criterion

Pit separation criterion is normally conservative. The strengthen effect of the pipe wall
between separated pits should be taken into account.

(2 Inspection Tools
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As discussed in Section 9.3, the accuracy of inspection tools varies. When 2nd
generation MFL pig is used, the accuracy is +/~ 0.1T-0.2T. The accuracy 1s +/-0.5- 1.0
mm for US pigs and EC pigs is even more accurate.

A Tconservative estimates” based on inspection tools is the reported value from inspection
plus 10% of nominal wall thickness. When no corrosion is reported, the pipeline is stil]
assumed to contain corrosion up to 20% and 10% of nomina! wall thickness with pitting
corrosion and general corrosion, for longitudinal corrosion and girth weld corrosion
respectively.

In the reliability calibration, the accuracy of the pit-depth measurement is givenas 0.1t in
which t is the nominal wall-thickness.

(3)  Future Corrosion prediction

The accuracy of future corrosion prediction based on a combined use of previous

- inspected corrosion growth and Shell formula, can be good and the corrosion depth is
conservatively over-estimated.

The potential corrosiveness of any water may be estimated from the operational

temperature and the CO,-content using the Shell formula. However, the formula should
be calibrated against the recent inspection results.

"Extrapolated corrosion rate" refer to the same "conservative estimates” divided by the
time of service from the first year of operation to the year of last inspection. Hence, the
"extrapolated corrosion rate” and the calculated corrosion damage at some future time do
not take into account any changes in operational parameters affecting fluid corrosivity.
This may render a too pessimistic prediction of remaining life; i.e. if much of the damage
has occurred during an initial period with poor operational control. Even when no
corrosion was reported from inspection, maximum corrosion rates calculated based on the
assumed detection limits of the equipment may give quite high accumulated corrosion
damage when extrapolated 20-30 years.

The uncertainty in the corrosion depth prediction is the combination of the uncertainties
associated with pit separation, inspection tools and future corrosion.

Normalised Defect Area X,
The normalised defect area X, is the ratio of metal loss area and its original area. Two kinds of

inaceuracy are possible:

inaccuracy due to the calculation method for the area of metal loss: Traditionally, only one
integration point is used and the area is calculated as the product of the maximum depth and
corrosion length as the B31G criterion. Error due to insufficient knowledge of pits
interaction does also belong 1o this type of inaccuracy.

inaccuracy due to use of measurement instruments: Extensive integration points may be used
to measure the area. However, since the shape of corroded area is complex, and it is difficult
to measure internal corrosion, there is certain error in the measurement of the depth of metal

loss at individual integration points.
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Similar to the discussions on corrosion depth, the uncertainty in the corroded area prediction is
the combination of the uncertainties associated with pit separation, calculation of area, inspection
tools and future corrosion. A lognormal distribution is thus assumed for X 4, and the mean value
and COV are taken 2s 0.8 and 8% respectively.

Normalised Defect Length X,

Both short corrosion and long corrosion are considered. Typical values of the normalised defect
length X, covering short corrosion and long corrosion are 10 and 200 respectively. The
correlation coefficient p for defect area X, and defect length X; is taken as 0.80.

Similar to the discussions on corrosion depth, the uncertainty in the corroded area prediction is
the combination of the uncertainties associated with pit separation, inspection tools and future
corrosion. However, corrosion length is more easy to measure because of its large amount
comparing to depth.

According to "Inspection Performance Specification - Feature Definition and Sizing Capability"
of the British Gas pigs, the axial length of the rectangle can be measured to an accuracy of +50
mm and -20 mm of stated size. -

Normal distribution is thus assumed for X;, and the mean value and COV are taken as 0.9 and
5% respectively.

9.7 Implied Safety Level in the B31G Criterion

Reliability methods is applied to estimate the implied safety level of the ANSI/ASME B31G
criterion. This is to use the B31G criterion as design equation, instead of the proposed design
equation. This leads to calculating the mean value of the operating pressure using the B31G
criterion instead of the proposed criterion. The limit states formulation are same for both the
B31G and the proposed criterion.

The design equation for pipeline in operation, based on the B31G criterion, is given by for
LA(DO<20

2 (9.27)
VYS I-= x4
0.72%:15 : 3 —-Xr20
SMIS "y (1+0.79745 X" % X
and for LY/(Dt)>20
1 ISMYS 9.28
Q.IZWMX,(I-X‘;)*XPRQ ( )

SMTS
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10 APPLICATIONS OF THE PROPOSED CRITERIA

Probabilistic assessment procedures need to be developed for pipeline operation, inspection and
maintenance, since there are large uncertaintics in the strength modelling, degradation
estimation, inspection and measurement of damages (DNV 1994),

In this chapter, possible applications of the proposed criterion are discussed on the basis of
deterministic analysis. Preliminary concept of probabilistic assessment is also given for
information. A more extensive uncertainty modelling for the reliability analysis could be carried
out in further study on this subject.

10.1 Decision of Operating Pressure, Repair and Replacement
Decision of operating pressure need to be made in many cases. For instance,

¢ If heavy corrosion occurs, the operating pressure need to be reduced.

» Ifthere is a need for increased transportation capacity, the operating pressure of an in-service
pipeline need to be uprated.

» If the planned service life of a pipeline is extended.

The operating pressure need to be determined considering possible damages and the integrity of

pipes and connections over the whole length of the system.

Repair of the damages could be costly because repair methods require shut down periods and
removal or replacement of a complete section of the pipe. For example, corrosion in the Trans
Alaskan pipeline cost § 1.5 billion to repair (Keen 1990). Replacing an existing pipeline is even
more expensive. The Forties oil pipeline in the UK North Sea had to be replaced at a cost of $265
million because of weld corrosion caused by the presence of water in the oil (London 1991).
There are therefore considerable economic incentives to continue operation of corroded pipe,
provided an acceptable safety level is maintained.

One of the application of the proposed criterion is to be applied by operators, particularly field
personnel, for making decisions on existing pipelines, when exposed for any purpose, as to
whether any corroded region may be left in service or whether it needs to be repaired or replaced.

If it is necessary to uprate an in-service pipeline, existing standards require hydrostatic re-testing
as the basis for demonstrating that the pipeline contains no damages which could fail at the
operating pressure. However, hydrostatic re-testing could be costly, because it will interrupt
transportation of oil and gas. It is difficult and time-consuming to locate and repair small leaks
which occur during the test. While critical defects and possibly near-to critical defects may be
burst out, sub-critical defects could not be detected and may grow due to highly applied pressure
load (depending on testing procedure, test pressure and holding time).

An alternative method is to base the decision on an on-line inspection to obtain information on
the damages in the pipeline followed by burst strength assessment using criteria and/or finite
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element methods. Condition monitoring of existing pipeline by the on-line instrurmented pigs has
been applied by industry. However, consideration should be given to e.g.

= the types of defects which can be detected and
= the guality for the possible inspection techniques.

Probabilistic methods could be applied for making decision on operating pressure. To develop
the probabilistic methods, some work need to be done further, for instance,

* To evaluate the performance of the on-line instrumented pigs, for estimating the uncertainties
associated with damage inspection, including detection of critical sections and measurement
accuracy.

* To establish limit-states of dented and corroded pipe, including both formulae and their model
uncertainty assessment,

* To calculate operating pressure using structural reliability methods.

10.2 Life Time Extension and Re-qualification of Ageing Pipelines

Many pipelines are about to reach the end of its design lifetime. At the same time, new
technology has made it financially acceptable to take out more oil and gas from the reservoirs
than first assumed in the design phase. In addition, new technology has been developed in the
course of the pipeline's lifetime, and in certain cases this has revealed an unnecessarily
conservative design.

Design conditions might need to be changed.

In these cases, reassessment (analysis of existing pipelines) or re-qualification (re-evaluation of
suitability) is necessary. This is in order to assure the pipeline owner, operator and regulator that
the authorities' safety criteria are satisfied and the pipeline does fit for its intended purpose.

When reliable information is available on all damage type, size and locations, i.e. through
inspection, the re-qualification problem is simply: Which action should be taken ? - (1) To
maintain operating condition, or (2) to reduce operating pressure, or (3) to repair/replace the
pipeline ?

For reliability-based re-qualification, research is needed to estimate uncertainties associated with
damage inspection and measurement, and model uncertainty of the criteria for estimating
damages and capacity.

For estimating operating pressure and re-qualification of existing pipeline after damage, several
levels of analyses of increasing detail and difficulty could be applied:

* Level 1: To use criteria for strength and loads available from rules or technical reports.

¢ Level 2: To apply a non-linear numerical procedure and conduct laboratory tests which
accurately predicts strength and loads, or perform a hydrostatic re-testing.

» Level 3: Probabilistic design for a specific case accounting for uncertainties in loads, damage
inspection and measurement and strength modelling.

» Level 4: To make optimum decisions based on balanced risks and costs.
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Note that this classification of levels of re-qualification is similar to the levels of reliability
methods outlined in Chapter 9.5.

In general, Level 1 procedure could be quite simpie and reasonably accurate, if the criteria
applied are updated based on latest knowledge and calibrated using reliability methods. The
safety factors associated with Level 2 procedure could be smaller than those applied in Level 1
procedure, and can be obtained from Level 2 structural reliability analysis. When Level 3
procedure is applied, the target reliability level and uncertainty measures could be different
comparing with those assumed in the rules (used in Level 1) and the specific safety factor could
be obtained for the specific design case. In Level 4 procedure, economic consequences have
been taken into account,

A method for making optimum decisions based on balancing risks and costs will rationalise

decision-making for the re-qualification of existing pipelines. Costs connected with bad

decisions can have extremely important long term consequences, for example through additional

inspections, increased maintenance and repairs. Existing methods developed at DNV for other

constructions (ships and platforms) could be applied for pipeline and give answers to questions

like:

o How to use the results of a reliability analysis to quantify the safety ofa damaged pipeline ?

e What level of safety should be used in the re-qualification process ?

o How can the demands of economy and safety be balanced in a re-qualification process ?

e How can rational decisions, based on evaluation of design costs, operational costs,
maintenance policy and results from inspections, be made and defended at a later date 7

» How can expert evaluation be included in decisions based on reliability analysis of the
pipeline's integrity 7

10.3 Assessment of Corrosion Allowance and Wall-thickness

North Sea pipelines are typically large diameter (36-40"), long (250-1000km) and used for
transporting gas. The pipeline diameter and length are such that materials may be 30 % of the
total installation cost and each additional millimetre of wall-thickness 1 % of the total cost
(Kvernvold et al 1992). Wall-thickness need to be rationally determined based on refined criteria
for strength modelling and degradation estimation. An useful application of the proposed
criterion for pipeline design is the assessment of wall-thickness

A common practice for wall-thickness assessment, is to carry out yielding check (DNV 1981)

cypxnha}?;fr (18.1}
where 1 = [Jsage factor
o,, = Permissible hoop stress
Oy = §pecified minimum yield stress
k, = Temperature derating factor
For material temperature below 120°C, ke=1.0.
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APPLICATIONS OF THE PROPOSED CRITERIA

The proposed criterion could be applied for a more rational calibration of the usage factor 1,
together with criteria for dented and cracked pipeline. Calibration of the usage factor ny,, is now
carried out in SUPERB project. Their work can be improved if the criteria developed in the
present project, are uiilised instead of the existing criteria. The formulation used in calibration of
safety factors for assessing strength of corroded pipeline, could be applied in the calibration of
the usage factor 1, by only changing the design format to the yield check format.

The corrosion allowance wall-thickness is added to the value obtained from the yielding check.

Probabilistic methods could also be applied for the determination of the corrosion allowance
wall-thickness, considering model uncertainties in the assessment of corrosion rate and burst
strength, Since corrosion is an ageing pipeline problem, time-variant reliability methods could
be applied to account for the degradation due to material loss.

When the design wall-thickness is less, the construction cost could be considerably reduced, for a
long pipeline of several thousands kilo-metre length. However, this might imply that some years
after installation the operating pressure will have to be lower (than desirable pressure) and repair
cost will have to be higher (than thicker pipe). Decision of wall-thickness could be made based
on optimisation of the total life-cycle cost.
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12 APPENDIX A EXPERIMENTAL DATABASES - TABLES

Table A-1 Experimental Databases for Longitudinally Corroded Pipes
under Internal Pressure

Test No. I - No. 86: AGA Database (U.S, Units)

Test No. 87 - No. 106: NOVYA (Mok et al) Tests (ST Units)
Test No. 107 - No. 124: British Gas Tests (ST Units)

Test No, 125 - No. 151: U. Waterloo Tests (SI Units)

Column 1:  Test No.

Column 2:  Qut-Diameter

Column 3:  Wall-thickness

Column4: SMYS

Column 5:  SMTS

Column 6:  Yield stress o,

Column 7:  Ultimate stress o,

Column 8:  Ultimate strain g,

Column9:  Defect length L (projected length for spiral corrosion)
Column 10:  Defect depth d

Column 11:  Defect area A

Column 12:  Defect width W

Column 13:  Spiral angle

Colummn 14:  Burst pressure P,

Column 15:  Source of the information

Column 16:  Reference Name in the original source
Column 17: dit

Column 18: L*(Dt)

Colamn 19: D/ht

Page 151

Reference to part of this report which may lead w misinterpretation is not permissible.
25 October 1995, ohb/5250ble rep



DET NORSKE VERITAS
INDURTRY AR

Report No. 93-3637

APPENDIX AEXPERIMENTAL DATABASES - TABLES

No | Dia t [SMYS SMTS{ oy} ofu} e ] L d A W Angle| Ph Source Ref. dit LDt Di
] {mmi jmmi | MPa MPa [MPa MPa |-} i[mm] [mmi imng frap}  ldeg} { [MPa] i1 1= {1
17826 940 | 359 471 405 nma na 64 3N 154 na 99 11.19 Aga 033 9356 8
IF 762080 940 | 359 471 405 na L] 57 3N 141 na % 1117 Aga 2 9539 (448 B
3o Te28 940 i5% 421 405 ma na | 108 38 138 na 34 11,72 Az 2 042 183 21
4 1 1240 933 359 471 440 ms na | 140 s10 305 pa &0 §182 Aga 4 064 258 80
51 7620 9353 259 47 406 ma #s ;121 3% 390 e 0 1382 Aga 3 a.86 201 %9
6 ¢ 8096 927 241 W 12 m na K 6,88 375 4] %0 1.59 Aga [ 874 L} 68
7} 8096 927 | 241 330 31279 e na | 12F 638 i na A 803 Aga 7 84% 258 66
8§ 6096 52T | 241 330 [ 279 ma na i 133} 638 666 na Aa 841 Aga g a48% 3115 66
9| 6096  G4h | 241 336 | 288 nma na 44  6.63 165 na 90 717 Aga ] 071 034 65
10 ] 6096  9.53 241 350 | 288  »na na | 108 7.6 459 na 90 8.03 Aga 15 095 201 64
11 | 6086 927 241 35¢ | 288  na na 51 663 194 na 20 7.03 Aga i1 0.72 B4 66
12] 6096 927 241 350 | 288 na 3] 57 556 185 na 90 838 Aga 2 060 958 65
13} 6056 937 1 241 350 | 288  ma na 64 584 231 na 90 9.10 Aga i3 063 071 66
141 6096 927 { 241 350 | 288 ma na W 663 290 na 50 9.10 Aga 14 072 085 66
157 6096 965 | 241 350 | 288 pa na 95 638 350 na 50 921 Aga 3] 066 154 63
] 6096 940 | M) 350 {288 o na 58 478 150 B2 %0 23 Aga 16 05t 045 65
17 ] 6026 940 | 24] 350 } 388 ma na % 6.10 32 na 90 243 Aga 17 865 1081 65
18| 6096 953 41 350 § 288 na 3 95 610 237 i 90 992 Aga 18 664 156 64
9] 6096 927 1 350 | 288 na na 44 663 175 na 90 1.8 Aga 19 672 D35 &6
201 6096 953 | 241 350 | 288 na na 57 638 204 na 9% 828 Aga 20 067 D56 64
21§ 6096 953 | 241 350 | 288 =na na 57 142 254 na 96 10.28 Aga 21 0478 056 &4
2] 6096 953 241 350 | 288  na na 64 556 175 na % 1048 Aga 22 058 0469 64
23| 6096  9.53 | 241 350 | 288  na na 51 AT7B 132 na s [0.48 Aga 23 050 044 o4
24} 6096 953 § 241 350 | 288 pma 1 57 450 163 na % £0.48 Aga 24 047 056 64
25| 6096 965 1 350 | 288  ma na § 127 688 574 na 40 [0.41 Aga 25 071 214 63
26| 1620 953 358 471 428 na fa 0 953 253 Ba 90 12.63 Aga % 100 067 80
20 o 953 35% 471 421 e wa | 140 373 208 na 90 12.69 Aga 27 039 269 80
28| W2 953 359 41 428 na na | 34 282 206 (] 90 13907 Aga 28 03 180 B0
291 20 951 359 L 457  pa na § 02 584 212 na 0 1224 Aga 29 @6F 142 RO
30 1620 953 359 471§ 487 pa na 41 53 118 na 90 1416 Aga 30 656 023 B0
31} 7620 953 | 389 47 458  ma na 51 531 135 na 9 1379 Aga 31 ¢5 036 80
321 5680 83 | 241 350 f 383 ma na | 146 53] amn na 920 7.93 Aga 32 664 589 &2
3] 5080 826 | 241 350 [ 283 ma na | 165 556 7 na 9t 11.69 Aga 33 867 650 82
34| 4064 787 1712 264 197 ma nma | 1i4 534 155 na % 7.59 Aga 34 074 408 82
35 | 4964 787 172 264 197 na na 127 610 193 na % 876 Aga 35 477 504 52
36§ 4064 187 172 264 197  na na | 152 718 474 na %9 5.66 Aga 36 991 126 82
37 | 4064 7187 172 264 [ 197 ma na 69 225 na ] 6.14 Aga 7 088 152 82
38§ 4064 787 172 254 196 ma na | 159 505 AS4 na 90 8.50 Aga 38 064 788 52
32§ 609.6 10.5% 241 350 346 na 13 330 737 $266 na 29 2.62 Aga 39 §.7¢ 1689 58
40 | 6096 1041 241 150 323 na na 203 965 1152 na 9 £1.45 Aga 4G £.93 650 59
4 ] 6096 1006 | 241 350 | 346 ma na | 46 G114 603 na 99 6.41 Aga 4] 091 348 61
42 1 6096 1828 241 350 346 na na 216 559 874 na 90 1316 Aga 42 5.5 6.39 54
43 ] 4096 ©.30 241 150 amn na fia 181 695 630 na %0 14.18 Aga 43 675 2561 &6
44 1 6096 925 241 150 5% ma na | 330 645 1800 na 95 8.72 A 44 670 1235 66
45| 6096 02 | 241 350 f 359 ma na § 165 734 443 na 90 1838 Aga 45 G811 4956 6%
46 | 6096 810 241 350 328 na na MG 549 353 na 9% 1194 Aga £6 268 383 7%
47 | 6096 843 241 350 310 na LED 14 55¢ 330 ha 28 12.08 Aga £7 paE 254 k)
48 | 6096 §.53 241 350 37 na na {406 149 1860 na an 512 Aga 4% 4.7 2844 64
42 | 4096 .53 255 66 357 na na i 229 R33 1028 na 9t 543 Aga 49 485 980 &4
501 soRo o 792 | 241 350 | 345 na na 1 305 640 {734 M 96 492 Aga 50 681 2308 &4
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No i Pia ¢t (SMYS SMTS | sy} ef(u) cefa) ] L E A W Angle b Ssurce Ref. 4t LDt Dit
L1 dmm]  jmam] | MPs MPa [ MPa MPa L (fmm] fmm]  (mm®] | mm] jdeg] | [MPs] I} - ]
51§ 3089 178 243 4] 380 na ma 1 267 533 EHY na 96 11.54 Agn 3 45% 1867 65
52 ¢ 8095 247 242 350 Ere) 1 o 267 530 306 na 9 2949 Aya 52 $38 1273 6a
521 6058 217 241 330 284 na na 318 734 364 2 94 H Agn 33 679 1853 46
547 8096 902 241 330 3347 m nz | 26 617 283 na il 1201 Aga 54 G868 848 A3
55 ] s095 942 24) 336 1310 pa na {267 181 68 na k] 2.36 Aga 53 274 1238 65
56| 6096 942 241 380 {316 ma na | 267 7139 518 na 20 9.35 Aga 56 978 1238 63
H 57 8096 945 241 350 F 332 me na § 55% 721 659 na 90 £1.63 Agn 57 476 5421 65
581 696 523 241 350} 332 =ma na | 216 349 745 na 90 1134 Aga 58 062 B27 66
59 ] 6096 %30 241 56 1297 m na | 318 615 37 na 50 12.4% Aga 59 066 1779 66
80 | 6096 430 241 350 355 na na 102 4385 4458 na S0 10.92 Aga 60 0452 182 66
611 60986 9358 241 356 kYl Ba na 7i1 132 661 Ba S0 10.53 Agn 61 0.78 8877 &5
62 | 3080 1.1 243 350 | 261 na na | 762 4.62 1533 na 90 1.52 Aga 62 0.64 15901 7%
631 5088 6% 241 35 1279 ma pa | 305 330 378 na 90 199 Aga 63 047 3628 72
54 | 5080 7.9 pL) 350 243 na ma | 216 6.07 156 na %0 1168 Aga 64 077 1162 64
65 | 3080 71.90 241 350 243 na na | 279 267 203 na % 1L68 Aga [+ 034 1945 64
&6 | 5080 676 241 350 1277 pa na | 3%4 366 309 ta 30 16.39 Aga 66 0.54 45186 75
67 | 5080 7.85% 241 350 B/ 2 na 365 554 254 ma 9% 12.52 Aga 67 0711 2330 65
68 | 7620 945 35 471 41%  na na 14 330 1126 B 9% 1212 Agz 68 035 11613 8!
691 1620 9355 359 471 35% nma na § 305 534 1205 na bt 10.45 Aga 9 063 1277 B0
767 1620 953 359 471 416 na na [ 305 356 73 [T by 12.52 Aga 70 637 1280 8¢
71| 7620 9. 359 47 433 na na 508 368 789 na o0 1342 Aga 7l C38 3430 1%
72 ) 7628 955 359 471 407  na ga } 508 3130 brd na 90 i2.31 Aga 72 35 3546 30
T3} 7620 9,60 359 471 428 [ na 38 279 994 na 90 13 Aga 73 929 %03 79
4 7620 963 359 471 451 na na 356 432 684 na 90 12.24 Aga 74 045 1724 T
T5 [ 1620 9.68 359 471 i fHa B 305 182 663 na % § 772 Aga 75 07 1280 T9
| 1620 9.60 359 A7 4i2 na o 3 432 437 na 90 11.86 Aga 76 G435 384 79
71| 1620 9.58 359 471 426 ta Ba 305 406 658 na S0 12.34 Aga 17 042 1273 30
78| 1620 947 359 471 415 Ba ha 229 17 439 ’ aa S0 12.69 Aga 78 029 724 80
79 | 609.6 9.52 255 366 260 na na 851 B8.i8 1505 na G0 5.54 Aga 1% 0.86 12469 o4
30 | 7620 927 35% 471 44 na na 406 5.82 1441 na 50 6.8} Aga 80 063 2338 382
1 | 162.0 9.53 sy 471 474 na na 886 6.22 3618 na o0 6.84 Aga 81 0.65 6483 B0
811 1620 ©.53 336 495 444 na na 191 3381 350 na 40 13.59 Aga 2 040 500 80
83 1 5080 6,460 359 471 421 na na 466 554 1612 na 40 36 Aga 83 0.84 4923 77
84 {1 9144 838 448 542 448 na na 406 5354 1368 3 90 534 Aga 84 0.66 21.55 109
85 1 762.0 7.57 4i4 517 490 na na {16080 6.83 4553 i 90 562 Aga 85 0.90 44356 161
86 1 5588 503 359 471 421 na na 152 37 315 i3 H 5.7 Apa 86 075 826 11t
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Ne ! Dia £ PSMYS SMTS | ofy) ofu} efwy ] L d A W Angle Pb Source Ref, gt L/Dt DA
Pl bom} fmm] | MPa MPa | MPa MPz L] {jmm] [mm] ;'] | Imm]  ideg] | {MPal HoooH
27 | 3080 £.35 414 517 nE n2 a3 381 234 - 25 20 14,33 Hova 1 5.4¢ 4300 BD
28 1 3089 $.35 434 517 na 73 B3 381 254 - 5 30 1385 MNova 2 G40 4500 80
8% ; 5080 6,35 414 517 na na na 381 254 - i3 #5 1233 Hova 3 540 4508 80
90 | 5080 6.35 414 517 na na na 191 2.54 - 25 20 1585 Nova 4 4540 1131 80
9t | 5080 6.35 434 517 na aa nz | 381 254 - 25 ioH i1.25 Nova 5 0.40 4300 %0
92 | 5080 6.35 414 517 na pa pz | IGH6 254 - 25 95 11.55 Nova 6 440 32000 80
93 | 5080 635 414 517 na na na 38 254 - 25 96 13.05 Nova 7 9.40 45060 80
94 | 5080 633 414 17 ng na na § 457 000 - 25 E] 13.05 Nova 8 0,00 5474 R0
95 | 5080 635 414 517 na na na 152 000 - 25 2 13.05 MNova 9 008 716 8O
26 | 50890 5.35 414 517 na na ma § 650 2.54 - 25 20 1525 Nova il 040 13098 30
97 | 5080 6,35 414 517 na na na 508 254 “ 25 90 11065 Nova il 040 8000 B0
98 | 508.0 6,35 414 517 nat aa na 508 254 B 25 90 10.55 Nova 12 040 8G0C 30
99 | 508.0 6,35 414 517 na na na - 0.00 - 25 90 1545 Nova i3 000 ma 80
100§ 508.0 6.40 414 517 na na na - (H1.H] - 25 0 1525 Nova 4 000 na 7%
101§ 5080 6.40 414 517 na na na SO0 343 - 25 &0 846 Nova 133 954 24914 79
1021 5080 640 414 517 na na na o 216 - 25 % 11.80 Nova 16 0.34 24914 79
163} 5080 640 414 517 13 na na 103 30 - 102 ¢ 12.5¢ Nova 17 ¢47 326 79
104§ 5080 640 414 517 na na na | 205 294 - 204 g 9.80 Nava 18 G446 1293 7%
1051 50890 €40 414 517 na na ma § 205 337 . 394 L 845 Nova 19 .53 1293 79
1061 5080 6.40 414 517 na A nz {1000 318 - 25 %0 8.40 Nova 26 0.56 307.58 79
17| 6100 1234 § 359 471 451 577 na | 3048 454 . na 99 14.44 British Ves. I-1 {040 12342 49
108 6100 1234 § 359 471 447 564 na | 610 494 - na 90 14.60 British Ves. 2-1 (940 4943 49
109§ 6100 1234 | 359 471 447 564 na | 305 494 - na 90 1545 British Wes. 2.2 {040 1236 49
10 6100 1234 | 35% 4N 447 564  ma | 305 4N - na 50 .46 Britich Ves. 2-1 |040 1236 49
11| 6100 12.34 359 471 447 564 na 152 494 - 574 20 18.45 British Yes. 24 J040 307 49
H2} 6108 1234 | 359 47t 451 57v =2a - 9.0 - 574 Bt 2130 British Ring i-1 000 a2 49
N3} 61046 1234 | 359 471 451 577 wma = 4,94 - 574 9% 1499 Rritisk Ring t-2 {040  na 49
141 6100 1234 | 359 471 4451 377 ma - 0.60 - 574 o 2420 Beitish Ring2-1 1680 npa 49
E1S) 6100 1234 | 359 471 451 577 na - 4.%4 - 574 90 14 .40 British Ring2-2 [G40 na 49
1G] 9140 2200 § 414 517 434 563 na - 080 - 514 90 26.30 British ] GO0 m 42
117] 9140 2208 | 414 517 434 562 na = [i561] - 574 90 26,40 British 2z 200 ma 42
1184 9140 2200 | 414 517 434 563 na - 660 - 374 90 18.70 British 3 938 m 2
1198 9140 2200 | 414 517 434 563 na - 616 - 374 50 19.30 British 4 928 m 42
120F 9140 2200 | 414 517 434 563 na = 1034 - 374 S0 14.70 British 5 947 ma 2
121 9140 2200 | 414 517 434 563 na L B - 574 0 13c0 British 4] 950 =na 42
122 2140 2200 | 414 517 434 563 na = 1518 - 574 S0 .60 British 7 9.69 =na 2
1231 9148 2200 | 418 517 434 383 na - 1474 - 574 90 210 Brisizh E] 867  na 2
134F 9146 2200 | 414 517 434 563 na b 14.74 - 574 G0 820 Brinsh 2 467 na 42
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Nel I¥a tISMYS SMTS| ofy) ow) =) | L d A W Anmgle] Pb Source Ref. dt LBt bit
| imm] jmmi | MPa MP2 [ MPa MPs P ] fmm] Imey® | oimm) degi | {MPa) i1 i I
1282 3248 593 [ M7 422 | 378 402 D411 49 Ass - 43 ] 13242 | Waterloo Fi 7% 113 55
i 3248 697 | 317 432 7 38 542 0391 5% 4m - 53 2 428 Waterloo 74 086 177 53
P27 3240 538 | 317 432 | 38 10 ea79l 33 am - 21 9% 1629 | Waterlno ¥ 267 033 55
IZ8] 3240 599 1 317 432 ;351 543 0065) 26 447 - il 29 1536 | Waterloo ¥7 678 035 54
129 340 600 | 317 432 1 403 575 075 219 42 - B0 90 1689 | Waterloo Fi4A  [0.73 043 54
130] 3240 w07 | 317 432 1420 520 0.a07] 41 298 - 34 90 16.95 | Waterloo Fi? 048 085 53
1314 3240 538 § 317 432 1 386 16 02131 35 44 - 31 % 13.08 1 Waterloo Fi8 472 0468 58
132) 3240 614 | 3317 432 [ 375 9 O085| 29 239 . 24 50 1578 | Waterloo ¥20 039 042 53
133 3240 634 | 317 432 | 356 463 0o41] 3 4.50 - 30 0 1429 | Waterloo Fi5 073 069 53
344 3240 595 | 317 432 | 356 514 0188} 10 4.17 - 4 90 1557 | Waterloo F29 470 079 54
135] 3240 602 | 317 432 135 529 ops7| s 1w - 2! 90 1612 | Waterico F32B 1033 1238 352
1361 3240 540 | 317 432 | 382 %70 6.179] 20 k) - 1% 9 16.64 | Waterloo Sico 050 619 5
137 3240 601 317 A2 {382 ST0 QIT9F 19 360 - 9 90 16.22 {1 Waterloo S2co [0S0 019 54
1387 3240 630 | 317 432 1373 sn oimsl 2 s - 3] %0 1585 | Watedoo B3o  [057 019 |1
139] 3230 631 | 317 432 1373 522 041607 20 31T - 20 90 14.16 | Waterloo Sdeo 059 020 51
MO0J 3240 66 § 317 432 {356 514 088 w3 73 - it 5 [8.85 | Waterloo Slec  JOSL 020 53
141§ 3240 627 | 37 432 1356 314 o188) 10 376 - W 90 19153 | Waterloo Slcc  [O60 020 352
421 3240 625 | 317 432 [ 356 54 0188 20 379 - 20 90 1927 | Waterloo S3ec 061 @20 52
F3 3240 68 § 317 432 421 s orov] 20 37s - 20 50 19.44 | Waterioo Sdee {061 020 s
4] 3250 645 } 317 432 (373 52 ose] B 305 - 12 %0 15,81 | Waterloo suo jo4r o1 56
M5} 3240 640 § 317 432 {373 522 oae0| 3¢ im - 20 w 1387 | Waterivo 5210 {058 075 S
1461 3250 645 | 317 432 | 356 463 o041f 20 379 - 21 9 14.84 | Waterloo 5310 059 o019 50
1479 3240 635 | 317 432 7356 463 00414 20 3M2 - 21 90 [553 { Waterloo S j059 019 5
MRl IR0 627 | 317 437 { s&r s47 oa91l 20 397 - 21 pit] 17.61 | Waterloo Sile  j060 020 51
1497 3240 629 | 317 432 13 s e 2 AT - 2 94 1511 | Waterloo $21e G680 257 2
I30F 3240 624 | 317 432 | 381 42 0% 12 379 - pa| S0 15.67 {1 Waterloo S3tc  j0.61 257 52
ISE] 3240 636 | 317 432 {38 502 oau1] 26 3w - 20 96 15.25 | Watetfoo S41¢ 0.60 020 53
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13 APPENDIXB COMPARISON, TEST RESULTS AND PREDICTIONS

The formulas and input parameters used fr the predictions of the burst capacities listed in the
table on the next pages are given in this section. The predictions are normalized by dividing the
experimetal test result by the equation predictions.

The input parameters are those given in the table in Section 12.

The B31G formulas
The maximum allowable design pressure is

_ 2SMYSt (13.1)
D

A constant ‘A’ is calculated from

P

L (13.2)
A= 0‘893(~——w)
~ Dt
The safe maximum pressure level P’ for the corroded area is
{(a)ForA <4
13.3
3 ( d) (13.3)
i
Pr=] 1P —i .

;,E(%f_*}
Ny £ +1

except that P” may not exceed P.
(b)ForA>4

13.4
P = J.IP(] - 5{) (1349

t

except that P* may not exceed P
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The NG-18 surface-flaw equation

The predicted hoop stress level at failure is calculated as

_ I-AREA/ AREA, {13.5)
T S M AREAT AREA,)

;and when L = =,

13.6
Gp:ﬁﬂuw(}'—_?) ( )

The Folias factor M is

Mm ]+ 08L2 (13.7)
V Dr

The burst pressure is calculated as
o, (13.8)
D

AREA = A from table when available, else A=L -t
AREA~L -t
Chow = SMYS + 69 MPa

P

Modified B31G Criterion, Effective Area

!- AREAy / AREAs ST Unit (13.9)
1- M (AREAy / AREA)

Pr= (%«)(SMYS+ 69)

s AREA_# = A from tahle when available, else A=1 - t

AREA, =L -t
Lty = L fromtable
for L./(Dt) < 50
, RN {13.19)
e (1+ 1.255 Liy 00135 Ly
2 Dt 4 (D))
For L /Dt) > 50
2 13.11
M= 003252153 ( )
Dt
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Moedified B31G Criterion, 0.85 dLLArea

-~ 1-0.85 d {1312y
b T a7 0855
\ H
for Lo /(Dt) < 50
2 RNZ: (13.13)
be (“_ 1255 Iy 0.0135 1, )
2 Dt 4 (D)
For L /(Dt) > 50
2 (13.14)
M= 003252433
Dr
L.y = L fromtable
Proposed criterion
p= 20 st 1-QAREA/ AREA, (13.15)
D 1-M'AREA/ AREA,
Ofow = O, when available, else oy, = SMTS
AREA = A when available, else
LDt <30 AREA=2/3L -t
L¥Dt=30 AREA=085L -t
AREA, =L -t
when L = =, AREA/ AREA, = d/t
¥ = 1.0 when compared to the tests in the database
SEA L) (13.16)
32 1
Q, = 02 for 0"<y<20°
Q= 0.02y-02  for 20°<y<60°
Q= 1.0 for y>60"
v = Angle (deg), 90 = Jongitudinal, 0 = circumferential
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The Folias factor is estimated for L/(Dt) < 50

[ 251L/2) 0054L/3) (13.17)
M= 51 * - 3
D (D )
and for LY(Df) > 50
’ 13.18
M=00325 133 (13.18)
Dr
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Ne. Source Test Test results/Equation predicted results
B31G NGI8 B31G B31G Proposed
Eff Area 08541
IMPal IMPal MPal {MPa} [MiPaj {MPa]

I IAGA Database 1112 1.27 iz 111 114 .0
2 JAGA Database 11.17 1.26 i1t 1.16 112 1.00
3  JAGA Database 1172 1,37 1.20 1.19 1.30 1.08
4 |AGA Databasge 11.52 1.55 1.22 1.20 1.58 1.09
5 {AGA Database 10.52 1.31 1.18 1.15 1.28 1.05
6 |AGA Database 7.59 1.18 1.04 1.00 1.11 0.89
7  |AGA Datahase 8.03 1.36 1.17 1.13 1.3] 1.00
8 JAGA Database 841 1.45 1.29 1.25 141 .1
9 |AGA Database 7.17 0.97 0.81 0.80 (.85 0.71
1¢  |AGA Database 8.03 1.34 1.08 1.05 1.32 0.93
11 JAGA Database 7.03 0.99 0.82 0.81 0.88 0.72
12 |AGA Database 8.38 i.le 0.97 0.96 1.02 0.85
13 |AGA Database Q.10 1.29 1.09 1.07 1.15 0.95
i4  tAGA Database 9.10 1.36 1.15 112 1.25 0.99
15 |AGA Database 9.21 1.38 1.13 1.10 1.28 (.98
16 JAGA Database 931 1.25 1.04 1.03 1.06 0.91
17 {AGA Database 9.48 1.38 1.19 116 1.26 1.03
18 JAGA Database 992 1.49 1.14 1.13 1.37 1.00
19  JAGA Database 10.00 1.37 1.138 1.13 1.2t 1.01
20 1AGA Database 8.28 1.13 0.94 0,93 1.01 0.82
21  ]AGA Database 10.28 1.46 1.22 119 1.35 1.05
22 iAGA Database 10.48 1.42 117 1.15 1.26 1.02
23 AGA Database 10,48 1.39 1.14 1.13 1.i7 1.0
24 |AGA Database 10.48 1.39 i.16 1.15 1.18 1.02
25  ]AGA Database 1041 - 1.73 1.47 1.42 1.70 126
26 JAGA Database 12.03 1.69 1.26 124 2.15 1.12
27 |AGA Database 12.69 1.48 1.28 1.27 1.41 1.15
28 |AGA Datsbase 15.07 i.46 1.33 1.31 1.36 1.19
2%  JAGA Database 12.24 1.51 1.29 1.27 1.48 I.15
30  |AGA Database 14.76 1.65 1.43 1.42 1.46 1.29
31 AGA Database 13.79 1.54 1.35 1.34 1.40 1.21
32 |AGA Database 7.93 1.30 0.98 0.96 1.27 0.85
33 AGA Database 1169 2.02 .37 1.33 2.01 1.20
34 |AGA Database 7.59 1.55 1.08 1.06 1.46 .97
35  JAGA Database 876 1.9¢ 1.27 1.24 1.85 1.14
36 AGA Database 5.66 1.50 (.85 0.83 1.78 .76
37 JAGA Database 6.14 1.22 0.81 0.79 1.20 Q.72
38 |AGA Database 8.90 1.78 129 1.27 1.62 1.16
39  |AGA Database 9.62 1.71 827 1.24 1.79 1.1¢
40  IAGA Database 11.43 248 1.85% 1.79 3.29 1.59
41  [AGA Database 6.41 1.28 0.84 0.82 1.55 0.72
42 |AGA Database 13.10 1.73 1.54 1.51 1.60 1.34
43 |AGA Database 1010 5.02 o 1.25 1.24 247 1.10
44 JAGA Database 8.72 1.79 127 1.25 1.88 1.11
45  [AGA Database 10.38 2.19 1.40 1.37 241 122
46 |AGA Database 11.94 2.40 1.72 1.69 2.35 1.50
47  |AGA Datzbase 12.08 2.20 1.72 1.68 2.00 1.49
48 |AGA Database 512 2.89 06.92 (.89 1.33 0.79
49 JAGA Database 543 1.15 .85 0.83 1.39 0.73
50 1AGA Database 4482 3.09 1.51 1.458 1.32 1.26
51  [AGA Database 11.54 2,33 1.94 1.8¢ 243 1.68
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52 |{AGA Database 8.90 223 1.13 112 21.84 0.99
3 JAGA Database 10.17 2,33 1.21 120 2.65 1.06
54 JAGA Database 1281 235 1.45 1.44 2.3% 1.2
55 JAGA Database g.36 1.92 122 1.21 2.07 1.7
56 {AGA Database 9.36 20 L3 1.4 2.25 181
57 JAGA Database 11.03 5.66 129 1.28 234 113
58 AGA Database 11.34 203 166 1.63 1.89 .44
59 |AGA Database 12.47 244 147 1.46 2.50 1.30
60 |AGA Database 1052 1.6} 1.36 1.51 1.44 1.34
61 |AGA Database 10.55 5.96 122 1.21 295 1.07
62 |AGA Database 7.52 2.80 L.l 1.15 177 102
63  |AGA Database 11.99 314 1.65 1.64 2.12 1.45
64  |AGA Database 11.68 244 1.29 1.28 2.68 Ll4
65 |AGA Database 11.68 1.72 1.30 1.36 1.56 115
66 [AGA Database 1039 3.21 1.51 1.49 2.11 1.33
67 1AGA Database 12.52 5.18 143 1.42 214 1.26
68 |AGA Database 1272 2.00 1.36 1.35 1.63 1.23
69 |AGA Database 1045 1.57 1.46 1.43 1.67 1.29
70 JAGA Database 12.52 1.56 1.47 145 1.53 1.32
71 |AGA Database 13.12 211 1.39 1.38 1.65 1.25
72 |AGA Database 12.31 1.90 1.3¢ 1.37 1.52 1.23
73 |AGA Database 13.24 1.88 1.38 137 1.57 1.25
74 |AGA Database 12.24 1.62 1.34 1.33 1.62 1.21
75  |AGA Database 7.72 1.37 0.86 0.85 1.65 0.77
76  |AGA Database 11.86 1.49 1.28 1.27 146 115
77 |AGA Database 12.34 1.59 1.38 1.37 1.57 1.24
78 {AGA Database 12.69 1.4% 1.38 1.37 1.42 1.24
79 JAGA Database 5.54 447 092 0.21 1.82 0.80
80 |AGA Database 6.81 1.90 0.97 0.93 1.20 0.36
81 |AGA Database 6.84 2.00 132 1.29 1,29 117
82 |AGA Database 13,59 1.54 1.35 1.34 1,50 1.23
83 |AGA Database 576 3.48 117 1.14 1.54 1.03
%4  IAGA Database 5.34 1.74 0.85 0.84 1.09 0.80
85 |AGA Database 5.62 6.39 0.92 0.92 2.41 0.86
86 {AGA Database 5.7% 1.31 1.07 1.05 1.51 095
87 |NOVA Tests i4.55 2.13 1.88 1.84 {70 1.17
88 |NOVA Tests 13.85 203 1,75 1.73 1.61 1.21
89 |NOVA Tests 1233 1.81 1.39 1.56 1.44 1,24
90 |NOVA Tests 15.85 1.74 1.91 1.87 1.75 1.19
91 NOVA Tests 11.25 1.65 1.45 1.42 131 1.33
92  INOVA Tests 11,35 1.69 1.55 1.55 1.41 1.44
93  INOVA Tests 13.05 1.91 1.68 1.65 1.52 1.54
94 INOVA Tests 13.05 1.26 1.08 1.08 1.08 1.01
95 |NOVA Tests 1308 126 1.08 1.08 1.08 1.01
96 |[NOVA Tests 1525 2.23 2.02 1.99 1.83 1.27
97  [NOVA Tests 11.05 1.62 1.45 1.42 1.3t 1.33
98 INOVA Tests 10.55 1.54 1.38 136 1.25 1.27
99 INOVA Tests 1545 1.49 1.28 1.28 1.28 1.19
100 |NOVA Tests 1525 146 1.25 123 1.25 1.17
101 INOVA Tests 8.00 1.50 1.36 1.35 1.16 1.26
102 INOVA Tests 11.80 1.55 143 1.42 1.33 1.33
103 [NOVA Tests 12.50 1.33 1.46 141 1.32 057
104 INOVA Tests 9.80 112 1.29 1.26 1.15 1.17
105 {NOVA Tests 8.45 1.02 1.24 1.20 1.06 1.12
106 (NOVA Tests 8.40 143 1.33 1.32 1.16 1.23
107  |British Gas Tests 14.44 1.51 137 1.38 1.26 1.02

Page 161

Reference to part of this report which may lead to misinterpretation is not permissible.
25 Qetober 1995, ob/3250bo rep



DET NORSKE WERITAS
INDUSTEY AS

Report No. 93-3637

AppEnDIX B COMPARISON, TEST RESULTS AND PREDICTIONS

108  |[British Gas Tests 14.00 1.46 1.26 1.24 1.14 0.94
169 |British Gas Tests 15458 1.21 1.31 1.28 1.16 0.97
110 |British Gas Tests 16.46 1.2% 1.39 1.37 1.27 1.03
1311 |British Gas Tests 18.45 1.35 .40 1.38 1.2% 1.03
112 British Gas Tests 2130 1.47 1.23 123 1.23 591
113 iBritish Gas Tests 14.80 1.56 144 1.44 1.3 1.06
114  iBritish Gas Tests 2120 1.46 123 .23 £.23 .91
115 British Gas Tests 14.40 1.50 1.39 1.39 126 1.03
116  |British Gas Tests 26.30 1.32 1.13 113 1.13 0.97
117  |British Gas Tests 26.40 1.33 1.14 1.14 1.14 .57
118 [British Gas Tests i8.70 1.22 1.15 1.15 10§ 0.99
119 [British Gas Tests 19.50 1.24 1.17 1.17 1.10 1.00
120 |British Gas Tests 14.70 127 1.19 1.19 1.03 1.62
121 |British Gas Tests 13.00 1.19 1.12 1.12 097 0.96
122 iBritish Gas Tests 8.60 127 1.19 1.19 0.90 1.02
123 |British Gas Tests 8.10 112 1.06 1.06 .81 0.91
124  {British Gas Tests 8.20 1.13 1.07 1.07 0.82 0.92
125  {U.Waterloo Tests 13.49 1.38 1.95 1.80 1.42 0.93
126 it Waterloo Tests 14.29 1.40 1.67 1.58 1.38 0.88
127  |U.Waterloo Tests 16.29 1.47 1.58 1.51 1.39 (.88
128  |t).Waterloo Tests 15.36 1.34 1.52 1.43 1.27 0.34
129 JU.Waterloo Tests 16.09 1.41 1.55 1.47 133 0.84
130 U .Waterloo Tests 16.95 1.44 1.42 1.38 1.33 0.95
131 {U.Waterloo Tests 13.00 1.32 1.69 1.57 1.30 0.86
132 JU.Waterloo Tests 15.78 1.31 1.17 1.15 1.14 0.85
133 {U.Waterloo Tests 14.29 1.28 1.49 1.40 1.23 0.94
134  {U.Waterloo Tests 15.57 145 1.65 1.56 1.39 0.96
135  {U.Waterloo Tests 16.12 1.37 1.29 1.26 1.23 0.88
136 U .Waterloo Tests 16.64 1.33 1.17 1.15 1.14 0.78
137 |U.Waterloo Tests 16.22 1.38 1.25 1.23 1.20 0.83
138  {U.Waterloo Tests 15.95 129 1.16 1.14 1.12 0.84
139 [U.Waterloo Tests 14.16 1.14 1.04 1.02 0.99 0.75
140 1U.Waterloo Tests 18.85 1.56 143 1.40 1.36 1.05
141 |U.Waterloo Tests 19.13 1.56 1.41 1.39 1.35 1.04
142  |U. Waterloo Tests 19.27 1.57 1.43 141 1.37 1.06
143 U . Waterloo Tests 1944 1.61 1.46 1.44 1.40 1.07
144 [U.Waterloo Tests 15.81 1.26 114 1.09 1.07 0.80
145 [U . Waterloo Tests 13.87 1.14 117 1.13 1.06 0.84
146 |1 . Waterloo Tests 14.84 1.18 1.06 1.04 1.02 0.87
147  {U.Waterloo Tests 15.53 1.25 ;.13 1.11 1.08 0.92
148 . Waterloo Tests 17.61 143 1.29 127 1.24 0.91
149 {U.Waterloo Tests 15.11 1.44 1.66 1.59 1.41 1.22
150  {U.Waterloo Tests 15.67 1.51 1.75 1.67 1.48 1.19
151 {U.Waterlog Tests 15.25 1.26 1.15 1.13 1.10 (.87
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14 APPENDIX C ALTERNATIVE STRENGTH EQUATIONS

Comarison of predicted o, / &g, based on alternative strength equations for pipes with
circumferential defects under axial tensile load.

The equations considered are Kastner’s local collapse criterion, Schuize’s global collapse
criterion, Chell method, and B31G.
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Pipe: Diameter D 214.0 mm
Thickness H 22.0 mm
Defect depth 2 variable
Pefect width  2%beta 15 degree

Defect length 20 mm  cwidth of the weld)
Plastic collapse under internal pressure
Circumferential corrosion
1.9
0.80
.
0.60 1 S
AY
............................. . o ——h M U R Ao ‘\
Py ‘\_
i 0,40 \
] \
3
0.20 4
3
A
0.00 ; -
3 5 10 15 20 28
0.20
Prepth of corrosion (mm of thickness of 22 wm)

Fhe capacity s calouslated as (axial stress) / {sigma flow).
Fos B3IG, 1.15SMYS is used as sigma flow, and sigma axial is taken as (P*D)H4%0)
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Pipe: Diameter o 214.0 mm
Thickness H 22.0 mm
Defect depth 4 variable
Defect width  2*heta 30 degree
Defect length 20 mm  (width of the weld)

Plastic collapse under internal pressure
Circumferential corrosion

0.80 1

0.60 ¢ N

0.20

0.00 -

-0.20

Depth of cerrosion (mm of thickiess of 22 mm)

The capacity is calculated as (axial stress) / (sigma flow).
For B3G, 1.1*5MY$ is used as sigma flow, and sigima axial is taken as (P*INS%)
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Pipe: Diameter ) 214.0 mm
Thickness £ 22.8 mm
Defect depth  d variable
Defect width  2*beta 60 degree

Defect length 20 mum  (width of the weld)
Plastic collapse uader internal pressure
Circumferential corresion
L0 g
.90 . \-.h.______-.“ -~”--Kzsmcr‘
~. T f = = Schubze |
~ . --..4-.____‘ i Chell
o8 Sl [k e BHG
- ~—e
070 | S Tl
. -

0.60
-
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0.40 |

0.30

0.20 |

0.10 -

0.00

0 5 10 15 20 25
Depth of corrosion (mm of thickness of 22 sum}

The capacity is caloulated as {axial stress} / (sigma flow).
For B31G, 1.1*SMYS is used as sigma flow, and sigma axial is taken as {P*DyE%)
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Pipe: Diameter B 914.0 mm
Thickness H 22.8 mm
Defect depth o variable
Defect width  2%beta 120 degree
Defect length 20 mun  (widih of the weld)
Plastic collapse under internal pressure
Circumferential corrosion
1.00
““u
NS e » o o Kastmert |
090 4 & S St
U T | Chet
o8y SRR T
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0. 70 S .o
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8.40 + - ~.
.
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0.30 .
.
0.20 N
M
\x
"
0.10 | S
0.00
) 5 10 15 20 25
Pepth of corrosion (mum of thickuness of 22 mm}
The capacky is calouiated as (axial stress} / {sigma flow).
For B31G, 1.1°SMYS is usod as sigma flow, and sigma axial is takes as (PrDY{4%0)
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Pipe: Diameter D 914.9 mm
Thickness t 22.0 mm
Defect depth @ variable
Defect width  Z%beta 240 degree
Diefect fength 20 mum  geidth of the weld)
Plastic coliapse under interaal pressure
Circumferential corrosion
1.00 y
o504 o |- —Kastaer |
\.‘ é........m
A — -
0.80 + \_‘\ . ?—-—'3310 é
S e
0.7 4 R
‘-\‘. \\\
060 S Rse
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\_.\ \\\
020 4 T NN
610 § NN
\n '\\
0,00 ' =
o 5 0 15 20 25
Depth of corrosion fmn of thickness of 22 mm)

The capacity ts calcutated 25 {axial stress) / (sigma flow),
For B31G, §. 1*SMYS is used a3 sigma flow, and sigma axial is taken as (P4
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Pipe: Diameter D 914.¢ mun
Thickness A 22.0 mm
Defect depth € variable
Defect width  2%beta 360 degree
Defect length 20 mm  (width of the weld)

Plastic collapse under internal pressure
Circumferential corrosion

.80 1

0.60 -

0.20
800 f—— e e o st
5 10 15 20 il
-6.20

DepthofcanusM(mmoftbicknessofzzm}

The capacity is caloulated as taxial siress) / {sigma flow}.
For B31G, 1. 1*SMYS is used 35 sigma flow, and sigma axial is (aken 28 {PrDNE*)
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Pipe: Diameter D %40 mm
Thickness £ 22.8 mm
Defect depth 4 4.4 mm
Defect widtk ¢ variable
Defect length 20 mm  (width of the weld)
d/E= 0.20
Plastic collapse under internal pressure
‘ 00 Circumferential corrosion
0.90 | - ‘~-:::“‘--,_____
o] T R .
e | <+ o Kastner |
o Scinﬂzei
060 | ——Chefl |
. wB3IG |
gm e e
0.40 |
030 4
€20 -
810
0.00 ; . . _
0 30 50 %0 120 150 10 219 240 270 300 130 360
Defect in degree

The capacity is calculated as (axial stress) / (sigma flow).
For B35, 1.1*SMYS is used as sigma flow, and sigma axial is taken as (P*D)/4*)
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Pipe: DHameier D 914.0 mm

Thickness H 2.0 mum

Defect depth £ £.6 mm

Defect width ¢ variable

Defect length 20 mm  width of the weld)

dit= 0.30

Plastic collapse under internal pressure
Circumferential corrosion
1.00
.
'\T"-s‘_
0.9 RS S
\_ N‘ .. -~ -
0.80 s S~
070 | e O e e v+ e KASOOT e
____________________________ - = = Schulze
0.60 e Chel}
o s B3HG
2
ge_so ..........................................................................
0.40 +
030
o0
.19 4
.00 :
0 30 60 90 120 150 180 20 240 70 30 330 360
Defect in degree
The capacity is calcalated as (axial stress) / {sigma flaw).
For B21G, 1.1*SMYS is used as sigma flow, and sigma axial is 1aken as (P*D)H4™)
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Pipe: Diameter B %148 mm
Thickness % 22.0 mun
Defect depth @ £.8 mm
Defect width ¢ variable
Defect length 20 | (width of the weld)
d/t= 0.40
Plastic collapse under internal pressure
- Circumferential corresion
S
osafl n TS
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0.80 + S ~e
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The capacity is caleubated as (axial siress) / (zigma flow).
For B31G, 1.1%SMYS is used as sigma flow, and sigma axiai is taken as (P*D)/(4%)
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Pipe: Diameier D 940 mm
Thickness i 22.0 mm
Defect depth 4 132 mm
Defect width ¢ variable
Defect length 20 mm  ¢width of the weld)
dit= 0.60

Plastic collapse under internal pressure
Circumferential corrosion

H:»--Kmnez;
o o o Schulze |
— - I

--—-B31G

0 30 80 x 120 150 180 250 40 276
Defect in degree

300 330 360

The capacity is calculated as (axial steess) / {sigma flow}.
Eor B310, 1.1*SMYS is used a5 sigma flow, ang sigma axial is 12ken as (PEDE4A™)
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Pipe: Diameter D 92140 mm
Thickness H 220 mm
Defect depth 4 17.6 mm
Defect width ¢ variable
Defect length 20 mm  (width of the weld)
dit= 0.80

Plastic collapse under internal pressure
Circamferential corrosion

210 +

0.00

i 30 60 90 120 150 180 210 246G 270 300 330 380
Defect in degree

The capacity is calculated as {axial siress) / (sigma flow}.
For B11G, 1.1*SMYS is used as sigma flow, and sigma axial is taken as (P*DY/ (4%

Page 174

Reference to pant of this report which may lead to misinterpretation is not permissible.
25 Oember 1995, obh/S250bM0.1ep



